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Infrared Electrodynamics of Dirac Materials
Yinming Shao
This dissertation reports on infrared optical spectroscopic studies of a novel class of
materials named Dirac materials, which cover a broad range of materials including Topo-
logical Insulators (TI) and Dirac/Nodal-line semimetals. These materials share a simi-
lar low-energy Hamiltonian that can be described by massless/massive Dirac fermions.
Adding out-of-plane magnetic field generates additional features in the optical spectra
that allow us to distinguish Dirac fermions with usual fermions with parabolic bands. I will
first demonstrate identifications of surface states (SS) of TI using Faraday rotation spec-
troscopy, where both the top and bottom SS can be identified and found to host carriers
of opposite sign. Secondly, I will generalize the power-law behavior for two-dimensional
(2D) and three-dimensional (3D) Dirac semimetals to dispersive nodal-line semimetals.
This leads to the discoveries of Dirac nodal-lines in topological semimetal NbAs2. Finally,
the optical signatures of electronic correlations are discussed and the unexplored over-
lapping area between strongly correlated systems and Dirac semimetals are studied. The
prominent correlation effects in nodal-line semimetal ZrSiSe uncovered by a combination
of optical and magneto-optical spectroscopies will be discussed.
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Figure 1.1 (Left) Typical IQHE data for 2D electron gas [1]. (Right) Schematic of
IQHE edge states and Quantum Spin Hall states. In the conventional
quantum Hall system (bulk part), the electrons would move in circular
orbit according to Landau quantization under external magnetic field.
However, at the edge the electrons would bounce off the edge of the
sample in incomplete circular orbits, forming a net flow of charge around
the boundary of the material. (Right) In quantum spin Hall system (2D
TI), no magnetic field is needed and spin-up and spin-down carriers
would flow in opposite directions at the boundary. Adapted from [2] . . 4
Figure 1.2 Experimental verification of spin-momentum lokcing for 3D TI Bi2Si3
and Bi2Te3 from angle-resolved photo-emission measurements. Figure
from [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Figure 1.3 Comparison of density of states for Dirac bands (left) and parabolic bands
(right). The corresponding real part of the optical conductivity are also
shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Figure 1.4 Massless and Massive Dirac cone (2D) and their corresponding Landau
level dispersion as a function of magnetic field. . . . . . . . . . . . . . . . 8
Figure 1.5 Experimental kinetic energy versus the kinetic energy from band the-
ory Kexp/Kband for iron pnictides and other materials. Vertical axis are
shifted for clarity. Figure from [4] . . . . . . . . . . . . . . . . . . . . . . . 9
iii
Figure 1.6 Single particle density of states (DOS) from a 2D massless Dirac fermion
in external magnetic field B. LLs are shown as broadened peaks in DOS.
Green line is the original DOS without magnetic field. Blue and red
lines are the integrted DOS with and without magnetic field, respec-
tively. Ωc =
p
2ħc/lB with lB =
pħ/eB being the magnetic length. Figure
from [5] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
Figure 2.1 Panel (a): magneto-transmission data normalized by the spectrum at
zero field of the BST thin film. Panel (b): Faraday rotation (FR) data.
Data at different fields are offsetted by (a) 0.02 and (b) 4 mrad for clar-
ity. Opaque regions due to InP absorption are greyed-out. Black dotted
lines are Drude-Lorentz model fits for 8 T data and black arrows indicate
the positions of infrared active phonons (∼6 and 8 meV). Panel (c) is a
schematic showing the FR definition and measurement setup. . . . . . . 16
Figure 2.2 Experimental and modeling results for (a) transmission and (b) FR spec-
tra at 8 T using multi-component Drude-Lorentz model. In each panel,
the red solid line is the data and black dotted line is the fit. Dashed grey
lines represent contributions from the bulk. Solid and dash-dotted grey
lines represent contributions from the two surfaces states. In panel (c)
we plot the difference between the diagonal conductivity (σxx) spectra
obtained at 8 T and at 0 T. The inset displays σxx at 8 T and 0 T, which
are dominated by phonons (6 and 8 meV) of BST. In panel (d) the Hall
conductivity (σxy ) is plotted. In (b) and (d) the signal from SS 2 (n-type)
is opposite in sign compared to SS 1 and bulk (p-type). . . . . . . . . . . 18
iv
Figure 2.3 Parameters obtained from the Drude-Lorentz fit of magneto-transmission
and Faraday rotation spectra (Fig. 2.1). (a) Transition energies of the
CR-like peak for bulk carriers; dashed line is a linear fit to the data. (b)
Intraband LL transition energies for SS 1 (red circle) and SS 2 (blue dia-
mond). Solid lines are model curves (Eq. 2.1) of LL1→2 and LL−1→0 with
vF = 2.49×105 m/s and 0.9×105 m/s, respectively. Drude weight of the
bulk and TSS carriers are displayed in (c) and (d), respectively. The de-
creasing Drude weight of the bulk CR is unexpected for typical CR tran-
sitions. The sum of all three Drude weights is also displayed in (c) as grey
triangles. (e) and (f) are scattering rates for bulk and TSS carriers. . . . . 21
Figure 2.4 Modeled (short dashed line) magneto-transmission (a) and Faraday ro-
tation (b) curves overlaid on raw data (solid line) for all measured mag-
netic fields (1 - 8 T). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
Figure 2.5 Solid magenta lines in all panels are experimental data: (top panels)
zero-field normalized transmission T(B)/T(0) (CR) at 6T; (bottom pan-
els) Faraday rotation (FR) at 6T. The two oscillator model can only re-
produce some features in CR and FR spectra; therefore fits in panels (a)
and (b) are optimized for CR spectra, while fits in panels (c) and (d) are
optimized for FR spectra. Black arrows in (b) and (d) indicate the hump
feature in FR that is not reproduced by two oscillator models. Panels (e)
and (f) are fits with three oscillator model, showing excellent agreement
between model and data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
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Figure 2.6 Calculated Landau-level fan diagram (a) from a pure Dirac band with
vF=2.49× 105 m/s. Black dashed lines in (a) are line cuts at different
Fermi energy, around each Fermi energy the intraband LL transition al-
lowed by selection rule are plotted in panel (b)-(d) and panel (e)-(g) as
black solid lines. In low Fermi energy region (b)-(d), the intraband LL
transition energy follow
p
B relation with magnetic field, with jumps
when Fermi energy crosses a LL. In high Fermi energy region (e)-(g)
the transition energy scales linearly with magnetic field and enters the
“quasi-classical” region. Red line in (e)-(g) are linear fit usingωc = eB/m∗.
In panel (d) the experimental data for the n-type intraband LL transition
was overlaid on top of the model. . . . . . . . . . . . . . . . . . . . . . . . 26
Figure 2.7 Calculated Landau-level fan diagram (a) from a pure Dirac band with
vF=0.9×105 m/s. Black dashed lines in (a) are line cuts at different Fermi
energy, around each Fermi energy the intraband LL transition allowed
by selection rule are plotted in panels (b)-(d) and panels (e)-(g) as black
solid lines. In low Fermi energy region (b)-(d), the intraband LL tran-
sition energy follow
p
B relation with magnetic field, with jumps when
Fermi energy crosses an LL. In high Fermi energy region (e)-(g) the tran-
sition energy scales linearly with magnetic field and enters the “quasi-
classical” region. Red line in (e)-(g) are linear fit using ωc = eB/m∗. In
panel (c) the experimental data for the p-type intraband LL transition
was overlaid on top of the model. . . . . . . . . . . . . . . . . . . . . . . . 27
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Figure 3.1 Band structure schematic (left) and corresponding optical conductivity
(right) for (A) three-dimensional Weyl cones (B) Flat nodal-line and (C)
Dispersive nodal-line. Red color in the band structure schematic indi-
cates filled electronic states. Grey lines and dashed-red lines in the opti-
cal conductivity represents gapless and gapped responses, respectively.
In (A) and (B) the optical gap comes from finite doping (EF 6= 0) while the
electronic structure is gapless. Note that the conductivity spectra in (A)
apply to Dirac nodes as well. For (C) the gap originates from spin-orbit
coupling and the bands are dispersive along the line direction kl ine . The
orange line in (C) is the nodal-line projected in momentum-space. . . . 34
Figure 3.2 (A) Ab− ini t io calculations of the nodal-lines (orange) in momentum
space of NbAs2. Red symbols are the high symmetry points in the Bril-
louin zone near the nodal-lines. Blue arrows label the crystallographic
axes in the (001) plane. (B) Band structure for NbAs2 calculated along
high symmetry points in (A), with (solid lines) and without (dotted lines)
SOC. Grey arrows indicate possible optical transitions. . . . . . . . . . . 35
Figure 3.3 (A). Anisotropic reflectance for the NbAs2 (001) surface. Inset is a schematic
of a unit cell of NbAs2. (B). Optical conductivity from experiment (left)
and DFT calculations (right). Blue shaded regions highlight the low-
energy part where the response is dominated by the massive Dirac bands.
Green arrows indicate positions of steps inσ1(ω). In all panels, solid and
dashed lines indicate b-axis and a-axis response, respectively. . . . . . . 37
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Figure 3.4 (A) Optical conductivity for E ||b. Blue dotted lines are fitted σb1 curve
with nodal-line structure parameters. Grey dashed and solid lines de-
note contributions from the nodal-lines near I1-Z (panel (C)) and near
X1-Y (panel (D)), respectively. The linear increase of σb1 (ω) saturates at
Emax ∼0.3 eV. The inset shows the ratio σb1 /σa1 above the gap region.
Panel (B) displays the results of band structure calculations along high
symmetry points near the nodal-line regions. The 3D version of the
band structure calculation is shown in (C) and (D). Green arrows illus-
trate onsets of interband transitions for dispersive (C) and energy-flat
(D) segments of the nodal-line. (E) The energy dispersion of the gapped
nodal-line displayed as a function of the line length k0, calculated using
DFT. Dirac-cone schematics indicate different fillings of the Dirac bands
along the line. Grey dotted line is the Fermi energy EF . Vertical arrows
show different onsets of interband transition and horizontal arrows are
the effective line length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
Figure 3.5 (A) Magneto-reflectance spectra normalized by zero-field reflectance,
showing a series of LL transitions systematically changing with increas-
ing B . We also observe only a weakly field-dependent mode at∼85 meV.
(B) Derivative contour (dR/dB) for E ||b. The energies of peaks extracted
from panel A are displayed as green dots. Grey dashed lines indicate the
subtle in-gap states. (C) dR/dB for E ||a and peak energies extracted
from (A). Green dashed lines in B and C are fits using Eq. 3.4 with v ∼
2.53eV ·Å and 2∆2= 114 meV. Inset of C shows gapped Dirac bands and
the LL dispersion with magnetic field B . Arrows indicate allowed inter-
band LL transitions across the gap. . . . . . . . . . . . . . . . . . . . . . . 41
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Figure 3.6 Single crystal X-ray diffraction of NbAs2. Black lines are for top surface
(001) and red line is for side surface (201). . . . . . . . . . . . . . . . . . . 46
Figure 3.7 The nodal-lines in the 3D momentum space (A) and their projection in
(001) surface (B). The directions of real space unit vectors a (along x),
b (along y) are also labeled at two positions on the nodal-line: the X1-Y
extrema and the Fermi level crossing points (blue dots). The local prin-
ciple axes at these two points are also shown as black arrows. v1 and v2
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Brillouin zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
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Figure 3.9 Comparison of experimental (left) and DFT calculations (right) of op-
tical conductivities (σ1 and σ2) in NbAs2. The dashed lines on the left
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Dirac materials refer to a wide variety of materials whose low-energy fermionic excitations
are described by massless Dirac Hamiltonian, rather than the usual Schrödinger Hamilto-
nian [5, 19]. Dirac materials have attracted great interest since they host quasiparticles
that cannot occur in vacuum but do occur in real-world solid-state systems. The first
discovered 2D Dirac material is the single atomic layer of carbon-graphene [20, 21], with
massless Dirac cones at the corner of the Brillouin zone (BZ). The low energy physics of
graphene in each valley can be nicely described by the 2×2 Hamiltonian:
Hˆ =ħvF
 0 kx − iky
kx + iky 0
=ħvF σˆ ·k (1.1)
where σˆ is the 2D Pauli matrices1, k is the quasiparticle momentum and vF is the Fermi
velocity. The Dirac bands disperse linearly away from the Dirac point and will be a central
signature of various Dirac systems discussed in this thesis. Experimentally, the direct ob-
servation would be liner bands themselves through angle-resovled photoemission spec-
troscopy (ARPES). However, the nontrial band structure also reveals itself through various
response functions, such as optical conductivity (σ(ω) = σ1(ω)+ iσ2(ω)). The response





















is the identity matrix
1
plex and otherwise “hidden" Dirac nodal-lines, as will be discussed in Chapter 1.1 and
more specifically in Chapter 3.2.
Furthermore, the linear Dirac bands also give rise to ∼pB spaced Landau levels (LLs),
in sharp contrast to the linear-in-B spaced LLs for parabolic bands. Experimentally the
peculiar LLs can be studied by scanning tunneling microscopy/spectroscopy in magnetic
fields. Alternatively, the intra- and inter-Landau level transitions can be accessed opti-
cally, either through Raman spectroscpy [22] or through infrared magneto-optics [23]. We
will focus on the later approach with a focus on Dirac-like SS on top of 3D Topological
insulators in next section and more details are in Chapter 2.2
Topological Insulators
Topological Insulator (TI) is a new kind of material that is both theoretically interesting
and technically appealing: it further divide insulator into "topological" and "ordinary"
depending on the topology of its wave function, yet it distinguish itself by hosting exotic
metallic states on the edge/surface while keeping the bulk of the material insulating [24,
25].
The notion of topological phases in condensed matter physics first emerged in 1980s,
when Integer Quantum Hall Effect (IQHE) was discovered in 2D electron gas system in low
temperature and high magnetic field environment [26]. The experimental signatures are
(i) the vanishing longitudinal conductanceσxx and (ii) exactly quantized Hall (transverse)
conductance in integer multiples of e
2
h , see 1.1. This quantization is incredibly accurate
(used to determine fine structrue constant) and is not affected by impurities, defects and
quasi 2D nature of the set-up, etc. Such robust quantization suggestd that there is a more
general physical law underlying this phenomena, as demonstrated by Thouless, Kohmoto,
Nightingale and den Nijs (TKNN) who realized that IQHE is not only quantum mechanical
but also topological [27, 28].
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On the other hand, the semi-classical dynamics of Bloch electrons in weak electro-
magnetic field are essential in our understanding of transport properties of metals and
semiconductors. Niu et al has shown that the “anomalous velocity" term that appears in












where E and B is the external electric field and magnetic field. Ωn(k) is the Berry cur-
vature for the nth band. One can readily read from Eq. 1.2 that there is an current flowing
transverse to the direction of electric filed, which corresponds to the Hall current. More
specifically, using J = −nev = σxyE and considering a two dimensional system, the Hall













The integration is over the entire BZ, which is a torus in this case. The single value
nature of the wave function requires that the Berry phase can only change by integer mul-
tiples of 2pi so n is an integer. Here n is the TKNN invariant and is an integer characterizing
the IQHE state.
Electrons in IQHE states obey Landau quantization rule. However, at the edge (real
space) of IQHE states, the electrons cannot move with a perfect circular orbit since it
would bounce back from the boundary and start a new orbit. The resulting state is a prop-
agating state along the boundary of IQHE system, that is, net current (shown in Fig. 1.1).
Thus, IQHE become a perfect candidate for TI, since it is insulator in the bulk part and has
a conducting mode along the edge.
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Figure 1.1: (Left) Typical IQHE data for 2D electron gas [1]. (Right) Schematic of IQHE
edge states and Quantum Spin Hall states. In the conventional quantum Hall system
(bulk part), the electrons would move in circular orbit according to Landau quantization
under external magnetic field. However, at the edge the electrons would bounce off the
edge of the sample in incomplete circular orbits, forming a net flow of charge around the
boundary of the material. (Right) In quantum spin Hall system (2D TI), no magnetic field
is needed and spin-up and spin-down carriers would flow in opposite directions at the
boundary. Adapted from [2]
The discovery of topological insulators demonstrate that topological orders can ex-
ist without using external magnetic field. In fact, the topological surface states (SS) are
protected by time-reversal symmetry (TRS). It was first predicted by Kane and Mele in
a graphene model with spin-orbit coupling (SOC) [31] and later predicted by Bernevig,
Hughes and Zhang based on the band structure of HgTe [32]. The concept of 2D TI was
developed before the name “topological insulator” being suggested, thus, 2D TI was orig-
inally known as “Quantum Spin Hall Insulator”[31]. In this model, Kane and Mele[31]
considered the band structure and spin-orbit coupling effect in graphene. They showed
that spin-orbit coupling effect would lead to an opening of a gap at the crossing point of
the cone (Dirac point).
The spin polarization of the edge state is achieved due to spin-orbit coupling which
has an inherent tendency to align spins in relation to the momentum direction. This
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special spin non-degenerate state is often said to have helical spin polarization (or spin-
momentum locking). The electrons at edge states would behave as 1-dimensional mass-
less Dirac fermions within the gap opened in the 2D Dirac cone. On the other hand, the 2D
bulk electrons can be viewed as massive Dirac fermions because of the finite energy gap
at the Dirac point, which is totally different from original electron behavior in graphene.
The prediction and realization of 3D TI materials are only separated by several years.
The major driven force for this fast speed is the potential use of topological surface states
that reside on the surface of 3D TIs. Since there is no magnetic field, the surface con-
ductance is not quantized. However, the spin-momentum locking ensures that no (180
degree) back scattering is allowed since there is no state for the “back scatter". This cre-
ates many possibilities of controlling the spin that is appealing to the filed of spintronics.
Figure 1.2: Experimental verification of spin-momentum lokcing for 3D TI Bi2Si3 and
Bi2Te3 from angle-resolved photo-emission measurements. Figure from [3].
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Dirac, Weyl, Nodal-line Semimetals and Power-law of σ1(ω)
With the discovery of Dirac and Weyl semimetals during 2014-2015 [33, 34], the idea of
topology has been extended from insulators to semimetals. In topological semimetals,
Dirac-like band crossings appear in momentum space and is protected by discrete sym-
metries such as crystal symmetry. Compared to 2D Dirac fermions, 3D Dirac fermions
are more common and robust [5] since all three momenta are coupled to Pauli matrices,
compared to 2 in Eq. 1.1.
Nodal-line semimetals (NLSM) extend the point-degeneracies in Dirac/Weyl semimet-
als into lines/rings of degeneracies in the momentum space. These unusual band struc-
ture and topology can be captured by the powerful power-law analysis of response func-













²mk −²nk −ħk+ iη
(1.6)
where vnmα = 〈ψnk |vα |ψmk〉 is the α-component of the velocity matrix element, f =
f (µ,T ) is the Fermi-Dirac distribution function, and η is a smearing parameter. Apart
from the matrix element effect, the interband optical conductivity can be shown to follow
σ1(ω)∝ JDOS/ω, where JDOS is the joint density of states and ω is frequency. Therefore
the power-law behavior of the DOS, which depends on the dimensionality and dispersion,
can be directly accessed through the analysis of the behavior of σ1(ω).
However, there are also limitation in the power-law analysis of σ1(ω), especially when
the Dirac cone has a small mass, see Fig. 1.4 top panel. When the Fermi level is not within
the gap, the optical response would be very similar in the sense that a sharp increase in
the σ1 appear near the optical gap (Eg=∆+2EF ). Although the exact behavior at the onset
is different for gapped and gapless Dirac cone, the difference is usualy small and rendered
indistinguishable due to thermal excitations.
Furtunately, adding a perpendicular magnetic field will reveal drastically different be-
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Figure 1.3: Comparison of density of states for Dirac bands (left) and parabolic bands
(right). The corresponding real part of the optical conductivity are also shown.
haviors of LL dispersions for massless and massive Dirac cones, as shown in Fig. 1.4 bot-
tom panels. It is evident that in the case of massive Dirac cones, the transition energy vs
B plot will converge to the gap energy at small-B limit, in contrast to the zero energy for
massless case.
Apart from analyzing resonances and other spectral features in optical conductivity
spectrum, there are additional information in the integration ofσ1(ω), the spectral weight
(SW). In combination with the model-independent sum-rules, the SW analysis allows di-








In experiment, a suitable cutoff energy is chosen to separate the intrabnd Drude response
from higher energy interband transitions. The obtained SW can then be compared to non-
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Figure 1.4: Massless and Massive Dirac cone (2D) and their corresponding Landau level
dispersion as a function of magnetic field.
interacting band theory (usually density functional thoery (DFT)) to yield quantitative in-
formation on the degree of correlations of an electronic system. Fig. 1.5 shows such a plot
for pnictides and in Chapter 4.2 similar analysis was done in the case of Dirac materials.
Magneto-optics: Semiclassical and Quantization Effects
We begin by reviewing the derivation of dynamical conductivity tensor in the presence of
magnetic field. In principle, the Boltzmann transport theory and Kubo-Greenwood for-
malism [37] offer more rigorous treatment but in many cases the semi-classical model
contains enough physical information. Moreover, the following derivation agree with the
result obtained from Boltzmann theory in the extreme degenerate case (T → 0), justify the
success of semi-classical model [38].
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Figure 1.5: Experimental kinetic energy versus the kinetic energy from band theory
Kexp/Kband for iron pnictides and other materials. Vertical axis are shifted for clarity. Fig-
ure from [4]








where m∗ is the effective mass, τ is the relaxation time and v is the drift velocity. Using
harmonically varying field E= E0e−iωt , the corresponding drift velocity will have the form
v(t )= v0+ ve−iωt
v+µ∗(B×v)=µ∗E (1.9)
where the short notation τ∗ = τ1−iωτ and µ∗ = − eτ
∗
m∗ denotes the complex relaxation
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time and complex mobility, respectively.
Using some vector identities:
B ·v=µ∗B ·E (1.10)
B×v=−µ∗ [B(B ·v)−vB2]+µ∗B×E (1.11)




Current density is related to electric field by the conductivity tensor:
J=−nev=σ ·E (1.13)
Writing the last equality in the component form, noticing thatωc = eBm∗ and using Levi-
Civita symbol εi j k : εi j k =−ε j ik , the dynamical conductivity can be written as following:
σi j = ne
2τ∗
m∗
· δi j − (ωcτ
∗)εi j k(Bk/B)+ (ωcτ∗)2(BiB j /B2)
1+ (ωcτ∗)2
(1.14)
Here the frequency dependence of the conductivity tensor in contained in the complex
relaxation time τ∗ = τ1−iωτ , with the relaxation time τ considered to be a constant.
Next, consider a usual experimental geometry which put magnetic field in z direction


































The conductivity tensor contains all the information about the charge carrier dynam-
ics. Its tensor properties comes from the anisotropy of the magnetic field.
Similarly the dynamic conductivity in presence of a plasmon mode can be derived by







where ω0 is the plasma frequency.






















It is easy to check that to first order the difference of this two frequency yields the cyclotron
frequency. Therefore, the leading effect for a metallic system in external magnetic field
would be the splitting of the plasma edge, with the splitting increase with ωc .
In addition to the plasma edge splitting, which is semiclassical in nature, the magnetic
field will also leads to quantized energy levels known as Landau levels. Specifically for
Dirac linear bands, the LLs are distinguished by the unequal energy spacing both in index
and in magnetic field (∼pnB), as shown in the Fig. 1.6.
Figure 1.6: Single particle density of states (DOS) from a 2D massless Dirac fermion in
external magnetic field B. LLs are shown as broadened peaks in DOS. Green line is the
original DOS without magnetic field. Blue and red lines are the integrted DOS with and
without magnetic field, respectively. Ωc =
p
2ħc/lB with lB =
pħ/eB being the magnetic
length. Figure from [5]
1.2 Outline
Chapter 2, in full, is a reprint of material published in Nano Lett. 17, 980 (2017). Y. Shao, K.
W. Post, J.-S. Wu, S. Dai, A. J. Frenzel, A. R. Richardella, J. S. Lee, N. Samarth, M. M. Fogler,
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Chapter 2
Detecting Surface States of Topological Insulators
2.1 Introduction
Three-dimensional (3D) topological insulators (TIs) are insulating in the bulk but host
gapless, topologically protected surface states (TSSs) [24, 39]. The Dirac-like TSSs are ro-
bust against disorder, as they are protected by topological properties of the bulk electronic
wave functions [40]. The linear band dispersion of TSSs [3, 41, 42] has been identified by
angle resolved photoemission spectroscopy (ARPES), whereas scanning tunneling spec-
troscopy (STS) [43, 44] has verified the distinctive
p
B dispersing Landau levels (LLs) of
the TSS. With the advent of the new generation of thin films of 3D-TIs, it became possible
to minimize bulk conduction, yielding an electrodynamic response that is dominated by
the TSS [45, 46, 47]. However, when surface sensitive probes (ARPES, STS) are applied to
these new TI films, they are only able to characterize the top, vacuum-facing surface of the
sample. While transport measurements probe all conducting channels in TI thin films, the
decomposition of the response to each individual TSS/bulk layer is not trivial.
2.2 Main result
Here we report on Faraday rotation (FR) and cyclotron resonances (CR) magneto-transmission
spectroscopy of (Bi1−xSbx)2Te3 (BST) thin films. The combination of these techniques
yields a comprehensive characterization of the TSS dynamics both at the top and bottom
surfaces, complementary to transport and ARPES data. [41, 42, 48, 49, 50]. We stress that
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FR, the rotation of light polarization after passing through a medium in magnetic field, is
particularly informative in distinguishing multiple conductive channels in complex ma-
terials [35, 51]. Whereas both CR and FR experiments are sensitive to transitions between
the LLs, only the FR allows one to unambiguously discriminate the response of electrons
and holes via the sign of the Faraday angle θF [52, 53]. Additional insights come from the
magnetic field dependence of the LL transitions energy (∆En), satisfying the dipole se-
lection rule [23, 54]: ∆|n| = ±1. For instance, in a system with parabolic bands, including
bulk bands in TIs, LL transitions scale linearly with magnetic field as eB/m, where m is the
band mass (classical CR). Drastically different LL energies are anticipated and observed for
Dirac fermions in TSSs [55, 23, 54]:
E±n = EDP ± vF
√
2eħ|n|B (2.1)
where EDP is the Dirac Point energy, n is the LL index, vF is the Fermi velocity and B
is the magnetic field. Therefore, TSS/bulk carriers can be further distinguished by their
dispersion of LL transition energies with magnetic field (
p
B/linear in B).
Recently, we used terahertz/far-infrared transmission spectroscopy to study the dy-
namic response of BST thin films grown on InP (111)A substrates (see Supporting Infor-
mation Sec. I for more details). We found an exceptionally small Drude weight that lies
within the upper limit imposed by the conductivity sum rule for TSS [45]. Although the
sum rule criterion is instructive, this analysis does not allow one to discriminate between
the contributions due to the surface and the bulk. In this work, we disentangle these con-
tributions based on their unique, dynamic responses in a magnetic field. The broadband
FR-CR measurements enable a multi-component analysis of the data and uncover marked
distinctions between top and bottom TSSs in our films. The two surfaces have different
Fermi energies and host Dirac fermions of opposite sign, which is required for an obser-
vation of a number of exotic effects, including topological exciton condensation in TIs
[56, 42].
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Figure 2.1: Panel (a): magneto-transmission data normalized by the spectrum at zero field
of the BST thin film. Panel (b): Faraday rotation (FR) data. Data at different fields are
offsetted by (a) 0.02 and (b) 4 mrad for clarity. Opaque regions due to InP absorption are
greyed-out. Black dotted lines are Drude-Lorentz model fits for 8 T data and black arrows
indicate the positions of infrared active phonons (∼6 and 8 meV). Panel (c) is a schematic
showing the FR definition and measurement setup.
Generally, multiple types of carriers (electrons/holes in TSS/bulk bands) can coexist
in TIs and all contribute to the magneto-optical (MO) response. According to the Drude-
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ω2c j − (ω+ iωγ j )2
(2.3)
The first term in Eqs. 2.2 and 2.3 stands for the Drude response of free carriers in
magnetic field. Each oscillator is characterized by its own Drude weight (D j = pine2/m),
cyclotron frequency ωc, j = qB/m and scattering rate γ j . The second term in Eq. 2.2 rep-
resents Lorentzian oscillators centered at ωo, j , with plasma frequency ωp, j and scattering
rate Γ j . The Lorentzian terms describe the contributions of phonons and are absent in the
16
Hall conductivityσxy . The high frequency dielectric constant ε∞ accounts for absorptions
above the measured frequency range, and is associated with interband transitions. In Eq.
2.2, each of the Drude oscillators can decribe a CR/LL transition in the classical/quantum
regime. The model implies that the Drude absorption peak is shifted from zero frequency
at B = 0 to finite cyclotron frequency ωc in the presence of an external magnetic field.
Similar multi-component models have been used to successfully decode the complex MO
spectrum for multilayer graphene [52] and Bi2Se3 thin films [46].
In the far-infrared region under the thin-film approximation, the measured broadband
CR and FR spectra are directly related to real part of σxx(ω,B) and σxy (ω,B), respectively.
For simplicity, σxx and σxy will be assumed to be the real part of the corresponding com-
plex functions in the rest of the paper.
Magneto-transmission spectra normalized by the spectrum at zero field T(ω,B)/T(ω,0)
are shown in Fig. 2.1(a). The most prominent field-induced features can be identified in
the spectrum obtained at B = 8 T: a marked increase (∼10%, labeled as A) in the trans-
mission is observed at low frequency, followed by a dip (B) and a weak downturn (C) at
higher frequencies. The gross features of the experimental data are accounted for within
the Drude model of the cyclotron resonance (Eq. 2.2). Both A and B features can be iden-
tified in the data at smaller fields. As the magnetic field increases (from 2 T to 8 T), the
positions of these features increase: an observation consistent with the multi-component
CR interpretation of the observed features. The black arrows in Fig. 2.1 indicate the po-
sition of two phonon modes (∼6 and 8 meV) in BST [45]. The phonon frequencies do not
exhibit frequency shifts with magnetic field.
Faraday rotation spectra, shown in Fig. 2.1(b), offer complementary insights into the
magneto-optical response. In addition to the low-frequency phonons (arrows), one can
readily observe three inflection points (a, b and c) below 30 meV. Each inflection point





























































 SS 1, a
 SS 2, b













Figure 2.2: Experimental and modeling results for (a) transmission and (b) FR spectra at
8 T using multi-component Drude-Lorentz model. In each panel, the red solid line is
the data and black dotted line is the fit. Dashed grey lines represent contributions from
the bulk. Solid and dash-dotted grey lines represent contributions from the two surfaces
states. In panel (c) we plot the difference between the diagonal conductivity (σxx) spectra
obtained at 8 T and at 0 T. The inset displays σxx at 8 T and 0 T, which are dominated
by phonons (6 and 8 meV) of BST. In panel (d) the Hall conductivity (σxy ) is plotted. In
(b) and (d) the signal from SS 2 (n-type) is opposite in sign compared to SS 1 and bulk
(p-type).
three inflection points harden with increasing magnetic field.
The highest measured FR angle in the low-frequency limit of our data (∼15 mrad) is
an order of magnitude smaller compared to previous work on Bi2Se3 [46]. We remark that
the quantized FR is expected to occur in multiples of α ∼ 7 mrad both in graphene and
TIs in the limit of ω¿ωc ,Eg [57, 58], where Eg is the energy gap associated with the bulk
response. The experimental observation of quantized FR has been reported recently in
different TI systems at THz frequencies [59, 60, 61]. In this work, the condition ω¿ ωc
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is not strictly fulfilled since the lowest experimental frequency (∼3 meV) is still very close
to ωc (∼8 meV) at 8 T due to the broadness of the resonance. Therefore, the observed
small rotation is unlikely to be related to quantized FR. Below we will demonstrate that
the small rotation is the result of an interplay of multiple transitions, clearly resolved in
our broadband spectra, yielding both negative and positive FRs.
We used the DL model (Eqs. 2.2,2.3) to fit the CR and FR spectra at each measured
magnetic field. The minimum model required to fit both data set contains three different
Drude oscillators. A plausible interpretation of these three oscillators is in terms of three
conduction channels associated with the bulk, top and bottom surfaces of our films. In
Figs. 2(a), 2(b) we plot each of these three contributions along with the experimental data
at 8 T (red solid line).
The coexistence of three mobile carriers in BST is particularly evident from the decom-
position of the fit for θF (Fig. 2.2(b)). The gross features of the spectra are well described by
the multi-component FR response [52]. Specifically, the two features with negative slopes
(a and c) attest to two distinct p-type carriers with different Drude weight and scattering
rate. We depict these contributions with the solid and dashed grey lines, respectively. The
hump feature with positive slope (b) originates from n-type carriers and is indicated with
the grey dash-dotted line. In the limit of small Faraday rotation (θF ¿ 1 rad) [62], the to-
tal rotation angle equals the sum of rotations due to the three terms a, b and c. This net
rotation (black dotted line) reproduced all features of our data (red line). The very same
parameter set also captures the behavior of magneto-transmission spectra in Fig. 2.2(a).
All fitting parameters for different magnetic fields are summarized in Fig. 2.3 (see fits
for all magnetic fields in Supporting Information Fig. S1). We stress that the same model
describes the entire data of CR and FR spectra at all different fields. This consistent de-
scription of the entire data set attests to the validity of the multi-component analysis.
The extracted diagonal conductivity σxx at B = 0 T and 8 T are plotted in the inset of
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Fig. 2.2(c). As mentioned before, two phonons dominate the low energy conductivity
and do not change with the magnetic field. Their frequencies (ωo), oscillator strengths
(ω2p) and widths (Γ) are therefore kept constant at their zero field values (listed in Table
S1 in Supporting Information) during the fitting at all magnetic fields. The electronic
background is modified by the field. Specifically, the spectral weight (SW), defined as
SW=
∫ Ωc
0 σxxdω (Ωc : cutoff frequency), shifts from low energy (∼3 meV) to higher energy
(∼15 meV) in the B = 8 T spectrum. This SW shift is more evident in the field-induced
changes of σxx (Fig. 2.2(c)). According to the f -sum rule [36], the total SW should be
conserved and independent of magnetic field, given an appropriateΩc . Indeed, from Fig.
2.2(c) we find that the magnetic field induced accumulation of SW around ħωc is qualita-
tively compensated by loss of SW at low energies.
Phonon absorptions also affect the shape of FR spectra at low frequencies, shown in
Fig. 2.2(b). On the other hand, according to Eq. 2.3, the Hall conductivity (σxy ) is expected
to only contain electronic contributions. Indeed, the σxy spectra (red line in Fig. 2.2(d))
extracted via thin-film approximation are free of phonon structures. The extracted total
σxy spectra show an excellent agreement with the three-layer DL model calculation (black
dotted line), justifying the use of thin-film approximations (see Supporting Information
Sec. I). We now turn to the analysis of the fitting parameters extracted from the three-layer
DL description of magneto-optics data. Each layer is parameterized by its own cyclotron
frequency (ħωc), Drude weight (D) and scattering rate (γ). All these contributions are
additive in the MO response in the thin-film limit [46, 62].
In Fig. 2.3 we plot the field dependence of ħωc , D and γ extracted from simultane-
ous fitting of the CR and FR spectra at different magnetic fields. This analysis reveals the
p
B-dependence of the transition energy for the two lower energy transitions, shown in
Fig. 2.3(b). The
p
B law is the hallmark of LL spacings for massless Dirac fermions and






































































Figure 2.3: Parameters obtained from the Drude-Lorentz fit of magneto-transmission and
Faraday rotation spectra (Fig. 2.1). (a) Transition energies of the CR-like peak for bulk
carriers; dashed line is a linear fit to the data. (b) Intraband LL transition energies for SS 1
(red circle) and SS 2 (blue diamond). Solid lines are model curves (Eq. 2.1) of LL1→2 and
LL−1→0 with vF = 2.49×105 m/s and 0.9×105 m/s, respectively. Drude weight of the bulk
and TSS carriers are displayed in (c) and (d), respectively. The decreasing Drude weight of
the bulk CR is unexpected for typical CR transitions. The sum of all three Drude weights
is also displayed in (c) as grey triangles. (e) and (f) are scattering rates for bulk and TSS
carriers.
behavior can only be observed provided the Fermi energy is close to the Dirac point when
only the lowest few LLs are occupied [53, 63]. We thus conclude that the Fermi energies
associated with two surfaces in BST are very close to the Dirac point and we will report
estimates of EF below. In contrast, the broader CR-like transition (Fig. 2.3(a)) shows con-
ventional linear field dependence. We attribute this latter mode to bulk p-type carriers, as
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pictured in the inset of Fig. 2.3(a). The cyclotron mass extracted from the slope is 0.055
me , which is smaller than the effective mass of 0.08 me deduced from quamtum oscilla-
tions for a p-type BST sample [64]. The discrepancy could be due to difference in Fermi
energy (BST valence band are non-parabolic [64]) and/or stain in our thin films. Note that
there is a peak structure in γ (Fig. 2.3(e)) around 4 T, where the corresponding ħωc ∼ 8
meV coincides with one of the phonons of BST. It is possible that the peak arises from the
scattering between bulk CR and phonon modes, as suggested in a recent terahertz MO
study on Bi2Se3 [46].
It is worth emphasising that the transition energies of the two SS transitions (a and
b) are fairly close to each other, especially at low fields. We can nevertheless differentiate
these two contributions because of the hump structure in the FR spectra, which is charac-
teristic of the two opposite polarization rotations nearly canceling each other. Thus, the
FR spectra allow us to unambiguously differentiate and assign these two responses to two
different surfaces.
The evolution of Drude weight and scattering rate of the two SS transitions with field
are intriguing as well (Figs. 3(d), 3(f)). Both Drude weights increase with increasing mag-
netic field, in accord with the theoretical prediction for Dirac fermions [55]. In contrast,
the Drude weight for semiclasical CR is usually field-independent and equals the zero-
field Drude weight [63]. The scattering rates of the two SS transitions decrease with B field
and show an overall 1/B dependence, which is indicative of charged impurity scattering
[65, 66]. The scattering rates of the TSS carriers are also much smaller than their bulk
counterpart, indicating much higher mobility associated with the surface states.
The requirement of EF lying very close to the Dirac point (
p
B dispersion) constrains
the assignment of the observed SS Landau level transitions to two possibilities: LL0→1
and LL1→2 or alternatively LL−1→0 and LL−2→−1 for hole-like transitions. Higher intraband
LL transitions (|n| Ê 2) are excluded for two reasons: (i) At |n| ∼ 2, these transitions are
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expected to produce discontinuous jumps in transition energy that are not observed in
our data; (ii) At |n|À 2, corresponding to high Fermi energy, the evolution of the transition
energy with the B field resembles the linear scaling (quasi-classical CR)[67], whereas our
data show the
p
B behavior, requiring low Fermi energy. Fitting the two SS transitions with
linear dependence will result in finite intercept in energy, contrary to the semiclassical
CR picture. On the other hand, fits with
p
B dependence show excellent agreement with
experimental transitions energies (Fig. 2.3(b)). Since the n-type SS transition also has
higher Drude weight than the p-type SS, we attribute the former to LL1→2 and the latter
to LL−1→0, with EF ∼ 25 meV and ∼ −6 meV away from the Dirac point, respectively (see
Supporting Information Figs. S3, S4).
The
p
B fitting in Fig. 2.3(b) assumes a Fermi velocity of 2.49×105 m/s (0.9×105 m/s)
for the n-type (p-type) TSS. The vF of our n-type TSS is very close to the ARPES value of
2.2×105 m/s on an n-type Sb2Te3/Bi2Te3 bilayer film with similar EF (∼ 30 meV) [68]. Due
to the electron-hole asymmetry, vF is expected to be smaller on the hole side of the Dirac
cone, consistent with our smaller estimated vF for the p-type TSS.
Finally, we wish to remark on possible relevance of our findings to the hypothesis of
chiral magnetic effect [69, 70]. It was conjectured that TSSs separating bulk from vac-
uum become oppositely charged in applied magnetic field, qualitatively consistent with
our data. The carrier density on the two surfaces was predicted to scale linearly with the
magnetic field, also in approximate agreement with our data (Fig. 2.3(d)) at B < 5 T. The
induced densities flatten off at B > 5 T, likely due to the screening of finite bulk charge
carriers. This hypothesis has implications for the finite frequency response of a TI: a reso-
nance mode can be anticipated in infrared frequencies, offering yet another opportunity
to investigate the condensed matter manifestations of phenomena discussed in high en-
ergy physics. The search for such resonances remains a challenge for future theoretical
and experimental studies of 3D-TIs as well as Dirac/Weyl semimetals [71, 72] in magnetic
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field.
In conclusion, we optically distinguished coexisting TSSs and bulk carriers in BST from
their different LL transition dynamics in magnetic field. Our results also show that the
Fermi levels for the TSSs are remarkably low, allowing for the observation of
p
B behavior
characteristic of intraband LL transition. Importantly, the top and bottom TSS host carri-
ers of opposite type, separated by the bulk. Such separated n- and p-type Dirac fermions
paves the way for the observation of exotic quantum phenomena in TI, such as topological
magneto-electric effect [73] and topological exciton condensation [56].
2.3 Appendix
*Corresponding author: Yinming Shao (yinming.shao@columbia.edu)

































Figure 2.4: Modeled (short dashed line) magneto-transmission (a) and Faraday rotation



























































































































Figure 2.5: Solid magenta lines in all panels are experimental data: (top panels) zero-field
normalized transmission T(B)/T(0) (CR) at 6T; (bottom panels) Faraday rotation (FR) at 6T.
The two oscillator model can only reproduce some features in CR and FR spectra; there-
fore fits in panels (a) and (b) are optimized for CR spectra, while fits in panels (c) and (d)
are optimized for FR spectra. Black arrows in (b) and (d) indicate the hump feature in
FR that is not reproduced by two oscillator models. Panels (e) and (f) are fits with three
oscillator model, showing excellent agreement between model and data.
I. Experimental details and Thin-film approximation
The (Bi1−xSbx)2Te3 (BST, x=0.54) films (58 nm) are grown on InP (111)A substrates. A ∼10
nm amorphous Se capping layer was deposited on top of the BST film to protect it from
exposure to atmosphere [45, 74]. The capping layer is not removed to keep the film in its
pristine form for all magneto-optical measurements. Far-infrared transmission spectra of
large area (∼4 mm2) BST samples were measured in zero and finite magnetic fields (0 T
to 8 T) using a Fourier transform spectrometer coupled to an 8 T split-coil superconduct-
ing magnet. Transmitted radiation was detected by a He-cooled bolometer maintained
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Figure 2.6: Calculated Landau-level fan diagram (a) from a pure Dirac band with vF=2.49×
105 m/s. Black dashed lines in (a) are line cuts at different Fermi energy, around each
Fermi energy the intraband LL transition allowed by selection rule are plotted in panel
(b)-(d) and panel (e)-(g) as black solid lines. In low Fermi energy region (b)-(d), the intra-
band LL transition energy follow
p
B relation with magnetic field, with jumps when Fermi
energy crosses a LL. In high Fermi energy region (e)-(g) the transition energy scales lin-
early with magnetic field and enters the “quasi-classical” region. Red line in (e)-(g) are
linear fit using ωc = eB/m∗. In panel (d) the experimental data for the n-type intraband
LL transition was overlaid on top of the model.
Table 2.1: BST phonon parameters extracted from zero field transmission spectra
Phonon energy ωo (meV) Oscillator strength ω2p (10
5 cm−2) width Γ (meV)
1 5.90 5.129 0.94
2 7.66 1.624 1.22
propagating along c axis and B//c axis) was used for all the transmission measurements.
The sample and substrate temperature were maintained at T = 15K using a Helium flow
cryostat.
Faraday rotation spectra were measured in the same frequency range and temperature
as the transmission spectra using a crossed polarizer technique [51] where a polarizer is
placed both before and after the sample. These polarizers could be rotated to measure the
angular dependence of the transmitted radiation. Both polarities of the magnet were used
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Figure 2.7: Calculated Landau-level fan diagram (a) from a pure Dirac band with vF=0.9×
105 m/s. Black dashed lines in (a) are line cuts at different Fermi energy, around each
Fermi energy the intraband LL transition allowed by selection rule are plotted in panels
(b)-(d) and panels (e)-(g) as black solid lines. In low Fermi energy region (b)-(d), the intra-
band LL transition energy follow
p
B relation with magnetic field, with jumps when Fermi
energy crosses an LL. In high Fermi energy region (e)-(g) the transition energy scales lin-
early with magnetic field and enters the “quasi-classical” region. Red line in (e)-(g) are
linear fit using ωc = eB/m∗. In panel (c) the experimental data for the p-type intraband
LL transition was overlaid on top of the model.
The real parts of the diagonal (Hall conductivity) can be directly extracted from exper-
imentally measured substrate-normalized transmission (Faraday rotation) spectra, using













where t (ω)=exp(−ωksds/c), r (ω)= (ns−1)/(ns+1),Gxx/xy =σxx/xy ·d is the diagonal/Hall
conductance, Z0 is the impedance of vacuum and d is the thickness of the film. In Eq.
(4), ns(ω), ks(ω) and ds are the refractive index, extinction coefficient, and thickness of the
substrate. Note that unlike graphene, phonons dominate the low energy diagonal con-
ductivity in BST, so that Gxx cannot be ignored in the expression of θF . The wavelength
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of far-IR light (∼10−500 µm) is much larger than the sample thickness (∼1 nm/58 nm for
SS/bulk), so responses from different layers effectively add up in the MO response.
II. Comparison of two oscillator and three oscillator model
The fitted CR and FR spectra (dashed lines) are overlaid on top of raw spectra (solid lines)
for all measured magnetic fields, as shown in Figure S1. The phonon parameters (listed
in Table S1) are deduced from zero-field transmission measurements, in agreement with
previous values[45, 77]. Phonon parameters are fixed to be zero-field values for fitting CR
and FR spectra.
To further illustrate the necessity of three oscillators to fit both CR and FR spectra, we
compare the fitting results of two and three oscillator model with experimental spectra. In
Figure S2, the solid magenta lines in all panels are CR (top panels) and FR (bottom panels)
spectra at B = 6 T.
Panels (a) - (d) show two oscillator model fits with different fitting parameters. Since
the two oscillator model can only capture some features in CR and FR spectra, the fits are
optimized for either T(B)/T(0) or FR, shown in panels (a), (b) and (c), (d), respectively.
For example, in panel (a) where the CR spectrum is well reproduced by the two os-
cillator model, the corresponding FR model (black dotted line in (b)) is in stark contrast
with experiment. The modeled low frequency FR is about three times the experimental
value and the hump feature in FR data (black arrow in (b)) is not reproduced. One can
reduce the spectra weight of both oscillators to match the FR data in amplitude, as illus-
trated by the black dotted line in (d). However, the hump feature is still not reflected in
the model. Moreover, this artificially reduced spectral weights also lead to significantly
reduced absorption (enhanced transmission) compared to zero field transmission, as re-
flected in panel (c).
The rightmost column depicts the fitting result with three oscillator model for B=6T,
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showing excellent agreement between model and both CR (e) and FR (f) spectra. As men-
tioned in the main text, the hump feature constitutes direct evidence of a third electron-
like carrier channel, which has FR angle opposite to hole-like carriers.
III. Additive Faraday rotation under the limit θF ¿ 1 radian
In this section we present a simple derivation of the additive nature of small Faraday ro-
tation angle assumed in the main text. Let the incoming light be polarized in x direction,












E0(t1x t2x − t1y t2y )
E0(t1x t2y + t1y t2x)

where tx and ty are the transmission coefficient of x- and y-polarized component. As-
suming θF ¿ 1 rad, we have tyx ¿ txx and θF = arctan(tyx/txx) ≈ tyx/txx . Therefore the
total rotation θF,total :
arctan(
t1x t2y + t1y t2x










IV. Zeeman effect and electron-hole asymmetry
In general, the ideal Dirac LL spectrum (main text Eq. (1)) can be modified by considering
Zeeman effect and electron-hole asymmetry bands. The Hamiltonian for this non-ideal




+ vF (σxΠy −σyΠx)+ 1
2
gsµBBσz (2.6)
The corresponding LL spectrum is then expressed as:
E±n 6=0 = nħωc ±
√













where the cyclotron frequency ωc = eB/m∗ comes from the parabolic term in Hˆ and
∆ = gsµBB/2 is the Zeeman energy for surface g -factor gs . Note that unlike graphene
and conventional two-dimensional electron gas, the LLs of TSS are spin-polarized and
therefore will shift instead of split when Zeeman effect is included [79, 80].
When finite curvature is considered, depending on the relative value of gs and quadratic
effective mass m∗, the LLs can be moved up, down, or even unchanged compared to the
ideal case E±n = ±
√
2eħv2F |n|B . However, the experimental value of gs for TSS has been
controversial and inconsistent, ranging from 2 to 76 for the same materials [81, 78]. Using
gs = 11 for Sb2Te3 [79] and assuming the electron-hole asymmetry is negligible, the 0th LL
will shift downward ∆= gsµBB/2∼2.5 meV at 8 T. Such shift would result in slightly larger
vF in order to match the same transition energy. For the p-type LL−1→0 transition, the fit-
ted Fermi velocity is increased to vF = 1.1×105 m/s when considering the Zeeman effect.








Search of Dirac Nodal-lines in Topological Semi-metals
3.1 Introduction
Three-dimensional (3D) nodal-points in Dirac and/or Weyl semimetals are in the van-
guard of quantum materials research. A hallmark of these systems is the linear band dis-
persion. This latter electronic stricture gives rise to unconventional transport and optical
phenomena. Here we demonstrate that solids with dispersive nodal lines in the electronic
structure share many common aspects with the response of 3D nodal-points systems. We
investigated NbAs2 using a combination of optical and magneto-optical techniques and
have identified electromagnetic signature of dispersive nodal lines. This particular com-
pound has allowed us to inquire the impact of spin-orbit-coupling on the universal char-
acteristic of nodal metals.
Using polarized optical and magneto-optical spectroscopy, we have demonstrated uni-
versal aspects of electrodynamics associated with Dirac nodal-lines that are found in sev-
eral classes of unconventional intermetallic compounds. We investigated anisotropic elec-
trodynamics of NbAs2 where the spin-orbit coupling (SOC) triggers energy gaps along the
nodal-lines. These gaps manifest as sharp steps in the optical conductivity spectra σ1(ω).
This behavior is followed by the linear power law scaling of σ1(ω) at higher frequencies
consistent with our theoretical analysis for dispersive Dirac nodal-lines. Magneto-optics
data affirm the dominant role of nodal lines in the electrodynamics of NbAs2.
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3.2 Main result
Nodal-line semimetals (NLSM) are newly discovered quantum materials with linear bands
and symmetry protected band degeneracies. Compared to three-dimensional (3D) Dirac/Weyl
semimetals (Fig.3.1A), the band-touching in NLSMs (Fig. 3.1B, C) is not constrained to
discrete points but extends along lines in the Brillouin zone (BZ) [82, 83, 84, 85]. This
unconventional band structure has been predicted to give rise to topologically nontrivial
electronic phases [84]. For example, the first Weyl semimetal phase discovered in NbAs
family [86, 87, 34] is ultimately rooted in nodal-lines [88, 89]. Despite intense theoreti-
cal interest [90, 91, 92, 93] and numerous material predictions [84, 85], experimental re-
sults for NLSMs are sparse, with ZrSiS [94, 95] and PbTaSe2 [96] being the only examples.
The dominant tool in the search for topological nodal systems is angle-resolved photoe-
mission spectroscopy (ARPES). In addition to ARPES, nontrivial topologies in quantum
materials are often revealed via nontrivial response functions [85]. Optical and magneto-
optical probes are particularly well suited for investigating nontrivial bulk response func-
tions [12, 97], subtle surface states [98] and Berry curvature effects (through nonlinear
optics [85, 99]). The nontrivial response functions in general NLSMs registered through
power law analysis are the subject of this study.
Power law behavior of the real part of the optical conductivity (σ(ω)=σ1(ω)+ iσ2(ω))
over extended frequency, i.e., σ1(ω) ∼ ωd−2 [100, 101, 102], is a hallmark of Dirac-like
nodal-points in solids. Linear (σ1(ω)∼ω) and constant optical conductivity has been con-
firmed in 3D (e.g., pyrochlore iridates [103], Dirac semimetal Cd3As2 [104], ZrTe5 [105])
and 2D (e.g., graphene [7]), respectively. Note that the linear power-law conductivity may
not extrapolate to zero [104] due to, e.g., overlapping intraband contributions [106]. Nev-
ertheless, the constant (positive) slope of conductivity (dσ1/dω = const .) is still antici-
pated. Here we show experimentally and theoretically that energy-dispersive Dirac nodal-
lines can also give rise to linear optical conductivity. Similar to other Dirac materials
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[7, 104], the power law of σ1(ω) may be terminated at the lowest frequencies by the open-
ing of the low-lying gap 2∆ in Dirac band dispersion. However, atω> 2∆, the linear disper-
sion persists and inevitably gives rise to the attendant power law of σ1(ω). In this regard,
we refer to gapped nodal-lines simply as nodal-lines and the node is understood as the
"Dirac point" of the massive Dirac band [12, 107].
We explore the electrodynamics of nodal lines using NbAs2 as a case study. The ob-
served power-law behaviors in σ1(ω) spectra are corroborated by density functional the-
ory (DFT) calculations. Furthermore, the Dirac linear dispersion perpendicular to the
lines has been identified via the square-root scaling of Landau-levels (LLs) in magneto-
optics, an fingerprint of systems with nodal-points in the electronic structure [66, 15, 108].
The notion of nodal-lines established here through unusual response functions might also
explain the exotic magnetoresistance properties of NbAs2 [109, 110, 111].
Characteristic infrared responses of nodal intermetallic systems and their relationship
to the electronic structure of Dirac/Weyl semimetals is displayed in Fig. 3.1. While the op-
tical responses of the Weyl semimetal (Fig. 3.1A) and flat nodal-line semimetal (Fig. 3.1B)
has been studied extensively [12, 102, 103, 104, 105, 106, 112], the response of dispersive
nodal-line (Fig. 3.1C) remains under-explored [97]. The optical conductivity spectrum of
the dispersive nodal-line (Fig. 3.1C) resembles that of Weyl-cones at low energy, where
σ1(ω)∼ω or equivalently dσ1/dω= const . Above certain photon energy when the entire
dispersive region is being interrogated by infrared photons, the conductivity power-law
approaches that of the flat nodal-line. This characteristic behavior of σ1(ω) outlines a
straightforward approach in the search and investigation of the NLSM physics. We stress
that in realistic materials the energy-dispersion of the nodal structure, finite offsets of the
Fermi energy (EF 6= 0) and/or energy gaps derived from spin-orbit coupling (SOC) lead to
deviations from previous predictions ignoring all these factors [113, 112].
A dispersive nodal-line is described by the Dirac-like Hamiltonian (see Appendix, Sec.
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Figure 3.1: Band structure schematic (left) and corresponding optical conductivity (right)
for (A) three-dimensional Weyl cones (B) Flat nodal-line and (C) Dispersive nodal-line.
Red color in the band structure schematic indicates filled electronic states. Grey lines and
dashed-red lines in the optical conductivity represents gapless and gapped responses, re-
spectively. In (A) and (B) the optical gap comes from finite doping (EF 6= 0) while the elec-
tronic structure is gapless. Note that the conductivity spectra in (A) apply to Dirac nodes
as well. For (C) the gap originates from spin-orbit coupling and the bands are disper-
sive along the line direction kl ine . The orange line in (C) is the nodal-line projected in
momentum-space.
2) with band dispersion
ε± =±
√
∆2+ v21k21 + v22k22 + v∥k∥ (3.1)






























Figure 3.2: (A) Ab− ini t io calculations of the nodal-lines (orange) in momentum space
of NbAs2. Red symbols are the high symmetry points in the Brillouin zone near the nodal-
lines. Blue arrows label the crystallographic axes in the (001) plane. (B) Band structure for
NbAs2 calculated along high symmetry points in (A), with (solid lines) and without (dotted
lines) SOC. Grey arrows indicate possible optical transitions.
to the nodal line. As schematically shown in Fig. 3.1C, there is a gradual energy shift along
the kl ine with slope quantified by the “velocity” v∥. Perpendicular to the nodal line, the
dispersion is Dirac-like with the asymptotic velocities v1 and v2. Spin-orbit coupling in-
duces a finite mass ∆. We have derived an analytical form for the real part of the optical

















where vi is the asymptotic velocity along the electric field direction. Note that along the
nodal-line direction v3=0 and the corresponding σ3NL vanishes. N is the degeneracy of
nodal-lines, e is electron charge, h is Planck’s constant, k0(ω) is the effective nodal-line
length in k-space where optical transition actually takes place, Θ is the step function, 2∆
is the gap introduced by SOC and 2∆op is the optical gap (2∆+2EF ). If the nodal-line length
is independent of frequency (k0(ω)=k0), the simple flat optical conductivity σNL(ω)∼ e2h k0
occurs above the gap. However, once frequency-dependent nodal-line length is consid-
ered, the optical conductivity attains the same frequency dependence as k0(ω). There-
fore, σNL(ω) provides direct access to the complex geometry of a nodal-line in k-space via
its length k0(ω). For linearly dispersive nodal lines as described by Eq. 3.1 we find that
k0(ω)=ω/v∥ and the interband optical conductivity scales as σ1(ω)∼ (v2i /v1v2)ω. We re-
mark that since v3=0 along the nodal-line this σ1(ω) resembles the optical conductivity of
strongly anisotropic 3D Dirac points (see Appendix, Sec. 2.C for more discussion).
We display in Fig. 3.2 the results of the ab− ini to calculations of the nodal-lines (or-
ange) in NbAs2 obtained using density functional theory (DFT). Notably, the nodal-lines
in NbAs2 are open-ended and extends indefinitely through multiple BZs. The direction-
ality of the open nodal-lines implies huge optical anisotropy since the dissipative part
of the conductivity σ1(ω) is predicted [113, 112, 97] to vanish along the nodal-line direc-
tion (Fig. 3.1B,C). We remark that nodal-lines are usually not fixed along high symmetry
lines and therefore can elude only a cursory band structure inquiry. To avoid this po-
tential shortcoming, we have performed three-dimensional band structure calculations
for NbAs2 near Y-X1 and I1-Z (Fig. 3.2B and Fig. 3.4C, D) in our search for the nodal-line
dispersion in this compound (see also Appendix, Movie S1, S2). The blue shaded area
indicates the dispersive nodal-line region that dominates the low-energy (< 0.3 eV) elec-
trodynamics of NbAs2 that we will analyze next.



























































Figure 3.3: (A). Anisotropic reflectance for the NbAs2 (001) surface. Inset is a schematic of
a unit cell of NbAs2. (B). Optical conductivity from experiment (left) and DFT calculations
(right). Blue shaded regions highlight the low-energy part where the response is domi-
nated by the massive Dirac bands. Green arrows indicate positions of steps inσ1(ω). In all
panels, solid and dashed lines indicate b-axis and a-axis response, respectively.
displayed in Fig. 3.3A. The a-axis reflectance (Ra) shows a pronounced plasma minimum
(∼125 meV) near the screened plasma frequency. In the b-axis data (Rb), the plasma edge
appears broadened and a sharp dip develops around 110 meV. Fig. 3.3A also reveals strong
anisotropy in mid-infrared energy arrange above 50 meV.
In Fig. 3.3B, left panel, we display the 10 K optical conductivity for both polarizations
of incident light. The Drude conductivity in both σa1 and σ
b
1 feature multiple free-carrier
components (see Appendix, Sec. 2.D), consistent with multiple Fermi pockets revealed by
quantum oscillation measurements [109, 110, 111]. The most striking feature is the sharp
double-step in σb1 (green arrows), followed by σ1(ω)∼ω relation over an extended fre-
quency range. A somewhat weaker step structure and linear conductivity are also evident
in σa1 . Interestingly, the double-step structure followed by a linear conductivity at higher
frequencies resemble the response predicted for Weyl semimetals with inversion symme-
try breaking [102]. In this toy model with energy-shifted Weyl cones [102], Pauli-blocking
(forbidden optical transitions when the final states are filled) happens at different ener-
gies, hence the predicted double-step appear. Although no Weyl points exist in NbAs2, the
nodal-lines give rise to linearly growingσ1(ω) above the gaps, which we will focus on next.
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Figure 3.4: (A) Optical conductivity for E ||b. Blue dotted lines are fitted σb1 curve with
nodal-line structure parameters. Grey dashed and solid lines denote contributions from
the nodal-lines near I1-Z (panel (C)) and near X1-Y (panel (D)), respectively. The linear
increase of σb1 (ω) saturates at Emax ∼0.3 eV. The inset shows the ratio σb1 /σa1 above the
gap region. Panel (B) displays the results of band structure calculations along high sym-
metry points near the nodal-line regions. The 3D version of the band structure calcula-
tion is shown in (C) and (D). Green arrows illustrate onsets of interband transitions for
dispersive (C) and energy-flat (D) segments of the nodal-line. (E) The energy dispersion
of the gapped nodal-line displayed as a function of the line length k0, calculated using
DFT. Dirac-cone schematics indicate different fillings of the Dirac bands along the line.
Grey dotted line is the Fermi energy EF . Vertical arrows show different onsets of interband
transition and horizontal arrows are the effective line length.
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Optical conductivities calculated using DFT are shown in Fig. 3.3B, right panel. The
DFT spectra capture the gross features of the data, including the steps, the linear depen-
dence and the slope change at Emax∼0.3 eV in both σa1 and σb1 . The anisotropy between
σa1 and σ
b
1 is also evident in the calculations. Importantly, while the linear slope extrap-
olates close to 0 at zero energy for σa1 , both the experiment and the calculations show a
large, non-zero intercept for σb1 . This large intercept at zero energy is inconsistent with
the optical conductivity model for 3D Dirac/Weyl fermions mentioned above (Fig. 3.1A).
Instead, we show that the linear conductivity and the intercept result from the nodal-line
in NbAs2. Spin-orbit-coupling triggers energy gaps along the nodal-line (Fig. 3.4E) and
the gap size changes from ∼100 meV (2∆2) near the high symmetry line X1-Y to ∼80 meV
(2∆1) near I1-Z. Both X1-Y direction and I1-Z direction are parallel to the kb direction (see
Figs. 3.4, S2). We demonstrate below that while a flat nodal-line (near X1-Y) gives rise to
constant σ1(ω) (Fig. 3.1B), the dispersive nodal-line near I1-Z leads to linear conductivity
(Fig. 3.1C) in NbAs2. The combination of dispersive and flat nodal-lines causes the lin-
ear optical conductivity with a large intercept observed both in experiment and in DFT
calculation.
In Fig. 3.4A, we show σb1 (ω) data at three different temperatures. A notable feature of
these data is the broadening of step-like structure at higher temperatures. The blue dotted
line is the fit to σb1 (10 K) using Eq. 3.2 and band structure parameters (see Appendix, Sec.
2.D), showing excellent agreement with experiment. Grey dashed and solid lines display
the contributions to the fit associated with interband transitions from the dispersive and
flat nodal-line, respectively. The fitting parameters are listed in Table S1. With additional
parameters (the angle between nodal-line and a-axis) from band structure, we obtain fit-
ted σa1 curve that are in excellent agreement with experiment as well (see Appendix, Sec.
2.D and Fig. S3). In Figs. 3.4B-D, we plot the calculated band structure near I1-Z and
near X1-Y for momenta directions kl ine and kb (kl ine ⊥ kb). The grey planes indicate con-
39
stant Fermi energy (EF ). The side panels of Fig. 3.4D show the projected band structure
along each direction, highlighting the extreme anisotropy of nodal-lines. Panels 3.4C and
3.4D show two different segments of the same nodal-line featuring near-linearly dispers-
ing (near I1-Z) and flat (near X1-Y) regions. Note in panel 3.4C there is a small tilt of the
Dirac bands [114] that is not included in our nodal-line model Eq. 3.1.
An intuitive picture for the linear law of the optical conductivity from extended Pauli-
blocking is presented in Figs. 3.4E. Orange and blue dotted line in Fig. 3.4E indicate the
calculated gap energies at different line lengths k0 (from I1-Z to X1-Y). Schematics of Dirac
cones are overlaid on the calculation to illustrate the band filling level change along the
line. Green vertical arrows indicate the onset of interband transition controlled by Pauli-
blocking. With increasing photon energy (ω2 >ω1), longer segments of the nodal-line
(k0(ω2)>k0(ω1)) are being activated as Pauli-blocking expands over growing phase space.
The resultingσ1(ω) grows linearly until the entire dispersive nodal-line (kmax) is activated
(Emax ∼ kmaxv∥). For a gapless nodal-line the linear power law of σ1(ω) extrapolates to
zero at ω → 0 (Fig. 3.1C). This simple picture of the dispersive nodal line captures the
gross features of the conductivity data.
While the step in σ1 is pinned to 2∆1 for the dispersive nodal-line crossing EF (Figs.
3.4C, 3.1C), the step associated with the energy-flat nodal-line occurs at 2∆2+2EF2 (Figs.
3.4D, 3.1B). The constant optical conductivity causing the finite intercept is prominent
in σb1 data and is nearly absent in σ
a
1 . The latter behavior is not surprising since the
nodal-line is nearly parallel to a-axis ( Appendix, Sec. 2.D). According to Eq. 3.2, the
anisotropy of the conductivity should also be frequency-independent above the gap en-
ergy (σb1 /σ
a
1∼(vb/va)2), in agreement with experiment (inset of Fig. 3.4A). The anisotropy
of optical conductivities is therefore consistent not only the existence of both flat and
dispersive nodal-lines in NbAs2, but also with the suppression of conductivity along the
nodal-line. We emphasize that the large optical anisotropy is directly associated with
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open-ended nodal-lines in NbAs2 and the flat σb1 /σ
a
1 spectral response (Fig. 3.4A inset) is
distinct from other anisotropic systems [115, 13].















































v : 2.53 eV Å
LL n LLn + 1






















Figure 3.5: (A) Magneto-reflectance spectra normalized by zero-field reflectance, showing
a series of LL transitions systematically changing with increasing B . We also observe only
a weakly field-dependent mode at ∼85 meV. (B) Derivative contour (dR/dB) for E ||b. The
energies of peaks extracted from panel A are displayed as green dots. Grey dashed lines
indicate the subtle in-gap states. (C) dR/dB for E ||a and peak energies extracted from (A).
Green dashed lines in B and C are fits using Eq. 3.4 with v ∼ 2.53eV ·Å and 2∆2= 114 meV.
Inset of C shows gapped Dirac bands and the LL dispersion with magnetic field B . Arrows
indicate allowed interband LL transitions across the gap.
Having established the zero-field signatures of nodal-line fermions, we are set out to
explore the properties of these anisotropic Dirac quasiparticles through magneto-optics.
The electromagnetic signature of massive Dirac systems is the LLs dispersing from the gap
energy 2∆ [105], which go through a linear to
p
B crossover with increasingB-field. In con-
trast, parabolic band yield a scaling of LLs that is linear in B [15]. These two distinct trends
allow one to identify the Dirac dispersion perpendicular to the nodal-lines. Unpolarized
light was used for magneto-reflectance measurement up to 17.5 T at National High Mag-
netic Field laboratory (Fig. 3.5A). A series of peaks (labeled 0 to 3) harden with increasing
B field and a weaker feature is evident at lower energy (∼85 meV).
Noticing a remarkable similarity of the higher step energy in Fig. 3.4A (∼120 meV) and
peak energies in Fig. 3.5A (above 120 meV at 3 T), we attribute the peaks in R(B)/R(0 T) to
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the interband LL transitions across the gapped Dirac bands. We also performed polarized
magneto-reflectance measurements using an in-house 8 T apparatus (Figs. 3.5B,C), en-
abling better signal-to-noise at low magnetic fields [116] (see Fig. S7). In Fig. 3.5B, we plot
the derivative contour dR/dB, which emphasizes the peaks in R(B)/R(0 T) as zero deriva-
tive (white) region bounded by positive (red) and negative (blue) derivative. The derivative
plot is extremely sensitive to weak features in R(B)/R(0 T) and has been successfully used
to investigate the subtle but important features in TI surface states [98].
We obtained dR/dB contours for both E ||b and E ||a polarizations and they show sim-
ilar features associated with peaks above the gap 2∆2. The features related to the smaller
gap 2∆1 are only present for E ||b, while completely suppressed for E ||a. Interestingly,
while σa1 is smaller than σ
b
1 (Fig. 3.3B), the amplitude of the R(B)/R(0 T) is larger for E ||a
than for E ||b (Fig. S7). Furthermore, the dR/dB plot for E ||b polarization (Fig. 3.5B) shows
prominent structure (grey dashed lines) intercepting the frequency axis at∼95 meV, in be-
tween the two gap energies (2∆1 and 2∆2). This finite intercept at B →0 T is anomalous
and the exact nature of these resonances is a subject of future studies. An intriguing possi-
bility pertains to the predicted topological surface states [117, 118, 119], with anisotropic
behavior from DFT calculation (see Fig. S8).
Besides uncovering subtle magneto-optics features, the derivative plot dR/dB directly
visualizes the
p
B scaling of LL transitions in NbAs2. For massive Dirac nodal-lines, we




where n is the LL index andφ is the angle between local nodal-line direction and magnetic
field. ∆ is the half-gap that characterizes the mass of the Dirac fermions [105] mDx,y,z =
∆/v2x,y,z and the ± selects the conduction/valence band LLs. The dipole selection rules








where the effective velocity v =√v1v2cos(φ).
In Figs. 3.5B,C, green dashed lines are fitted interband LL transitions using Eq. 3.4 with
v=2.53eV·Å and gap 2∆2 = 114 meV. The effective velocity is very close to the theoretical
estimate (2.3 eV·Å) obtained from the same asymptotic velocities v1, v2 we used to model
σ1(ω) ( Appendix, Sec. 2.D and 3). Green dots are peak energies extracted from Fig. 3.5A,
showing excellent agreement for
p
B-spaced interband LL transition across 2∆2 in both
unpolarized and polarized data. The non-linearly spaced LLs can be easily identified at
fixed B as higher order LLs are closer spaced in energy, in stark contrast to the behavior of
systems with parabolic bands. The Dirac mass [105] mDab =∆2/vavb = 0.068me is∼4 times
smaller compared to the parabolic carriers (0.24-0.29 me) [109, 110]. This much smaller
mass implies that the high mobility carriers in NbAs2 is likely to originate from massive
Dirac fermions in the nodal-lines.
The extracted gap energy (2∆2∼114 meV) from fitting the LL dispersion is very close
to the higher step energy in the zero-field data (2∆2+2EF2∼120 meV), indicating that the
gapped cones are only weakly doped (EF < 5 meV). This low doping-level in the massive
nodal-lines (near X1-Y) most certainly gives rise to a huge magneto-infrared response (Fig.
S7) since it can be easily driven into the extreme quantum limit when only the 0-th LL
is occupied. In contrast, the heavy trivial bands with large carrier density remain in the
classical regime at the highest attainable field (17.5 T) [109, 110].
We now discuss the implication of massive Dirac nodal-lines for the unusual magneto-
resistance (MR) properties of NbAs2. Giant MR ([ρ(B)−ρ(0)]/ρ(0)> 105 %) in nonmagnetic
NbAs2 has been observed [109, 110, 111, 120] and explained as a cooperation of perfect
electron-hole compensation and high-mobility carriers. These two effects are expected
to produce a∼B2 increase of magneto-resistance. However, high-field MR measurements
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clearly deviate from theB2 dependence starting at∼10 T and linearly increase withB with-
out saturation [110]. Such large (> 105 %), non-saturating behavior displaying a crossover
from (nearly) quadratic- to linear scaling calls for interpretations beyond electron-hole
compensation. We believe that the lightly-doped Dirac nodal-lines established here are
crucial to understand the unusual MR in NbAs2 as we will elucidate below.
The quantum linear MR [121, 122] reads as ρxx =NiB/pin2e, where Ni is the scatter-
ing center concentration and n is the carrier density. Both the minority massive Dirac
fermions in the quantum limit and the majority carriers in the classical two-band model
can give rise to large MR. However, a slight deviation from perfect electron-hole com-
pensation, which exists in NbAs2, will cause the ∼ B2 rise of MR to saturate at a field-
independent value [123], contrary to experiment [110]. The existence of massive Dirac
fermions may account for these discrepancies. At high field where the classical MR satu-
rates, the quantum linear MR from Dirac fermions overwhelms other contributions and
hence the scaling law changes from quadratic to linear [122].
In summary, we discovered dispersive Dirac nodal-lines in NbAs2 and derived expres-
sions for anisotropic response functions for a general case of dispersive nodal-lines. Our
results not only shed light on the interpretation of the exotic MR in this family of materi-
als, but also pave the way for identifying new NLSMs using optical/magneto-optical spec-
troscopy. NbAs2 therefore constitutes a concrete platform to explore various predictions
for nodal-line fermions, including large spin Hall effect [124] and Floquet Weyl points
[125, 126, 127]. We remark that the energy dispersive nodal line is a common aspect of the
electronic structure in many solid state systems including: transition metal dipnictides
(NbAs2), ZrSiS [12] and even intermetallic superconductor MgB2 (Tc=39 K) [128, 129]. The
nodal line band structure therefore governs rich physical phenomena registered through
the analysis of the optical conductivity, of Landau level transitions, magneto-resistance
along with non-trivial superconducting properties. Therefore, our experimental inquiry
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into the dispersive nodal lines has implications for a wide range of phenomena that are in
the vanguard of current quantum materials research.
3.3 Appendix
Sample Preparation and characterization
Chemical vapor transport (CVT) method was used to synthesize and grow single crystals
of NbAs2. At first, a stoichiometric amount of 5N purity precursors in Nb:As=1:2 mo-
lar ratio was sealed in an evacuated quartz ampoule of length ∼20-30 cm and diameter
of ID/OD=1.8/2.00 cm. The vacuum-sealed quartz ampoule containing binary mixture
was treated at 950 ◦C for two days and then furnace-cooled to room temperature, which
yielded polycrystalline NbAs2 sample. All preparation procedures before the evacuated
flame sealing of quartz tubing were carried out in an Argon gas filled glove box of oxy-
gen and water level kept below ∼1 ppm. The powder NbAs2 was mixed with the transport
agent I2 in weight ratio of 100:1, vacuum-sealed in a quartz ampoule of length ∼30 cm,
and loaded into a tube furnace for the CVT growth. The two-zone tube furnace was main-
tained having a thermal gradient of 1000-900 ◦C within about 30 cm, and the crystals were
grown at the colder end of the sealed quartz ampoule. The as-grown NbAs2 single crystals
have prismatic rod shape along the b-direction with several shiny and well-defined facets
following the monoclinic C2/m symmetry (β=119.4◦).
We identified the (001) and (201) surfaces of NbAs2 through single crystal x-ray diffrac-


















































Figure 3.6: Single crystal X-ray diffraction of NbAs2. Black lines are for top surface (001)
and red line is for side surface (201).
3.4 Theory: Optical conductivity of energy dispersive
Nodal-Line
Flat nodal-line
The low energy bands found near X1-Y in NbAs2 are close to energy-flat nodal-lines which
are described by the Dirac equation perpendicular to the lines. Adding spin-orbit-coupling
(SOC) simply adds a mass∆ to the Dirac equation. A simple model for a straight nodal-line
along z direction is
H =ħ(vxkxσˆx + vyky σˆy )+∆τˆzσˆz (S5)
which leads to the energy dispersion
εs(p)= s
√
∆2+ v2xp2x + v2yp2y (S6)
where s =±means conduction and valence bands, each doubly degenerate. The Pauli ma-
trices σˆ and τˆ represent orbital and spin degrees of freedom. The length of the nodal-line








| 〈k, s1|σˆi |k, s2〉 |2piδ(εk,s1 −εk,s2 −ω)
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| 〈k, s1|σˆi |k, s2〉 |2piδ(εk,s1 −εk,s2 −ω)
(
f (εk,s1 )− f (εk,s2 )
)
(S7)
where i = x, y , f (ε) is the Fermi-Dirac distribution and ħ has been set to 1. Performing the
change of coordinate k ′x = kxvx/vF ,k ′y = kyvy/vF , the integral becomes














Its integrand g (k′, s1, s2) is exactly the same as the isotropic case with asymptotic velocity
vF . Therefore, to get the anisotropic optical conductivity, one just take the isotropic one
Re[σ(ω)] and rescale it by the factor v2i /(vxvy ) in each direction. The nodal-line is quasi
two-dimensional (2D) and leads to an optical conductivity that has the same frequency
dependence as the 2D gapped Dirac cone [12]:
















where N = 2 is the number of degeneracy and ∆op = ∆+EF . Note that the Fermi energy
EF is defined relative to the band minimum. In the first Brillouin zone of NbAs2, there are
two nodal lines related by mirror symmetry with respect to a mirror plane perpendicular
to the b direction (Fig. 1B of the main text), leading to a total degeneracy of 4.
From now on, we will useσi i (ω) for the real part of the optical conductivity (Re[σi i (ω)])







In realistic materials, the nodal-line is generally not a straight line in momentum space but
curved. Moreover, at each point k along the nodal-line, the overall energy ε0(k) (the en-
47
ergy of the Dirac node), the gap∆(k) and the local orthogonal directions for the asymptotic
velocities v1(k), v2(k) are all k dependent. Thus it is convenient to define a local orthog-
onal frame (e1,e2,e3) where (e1,e2) are unit vectors along the local asymptotic velocities
v1(k), v2(k) which form a plane perpendicular to the local direction of nodal-line e3. Sim-
ilarly, we define the momentums (k1,k2,k∥) relative to the local Dirac node in the local
frame. If the gap is weakly dependent on k and the curvature is small, i.e., ∂k∥∆¿ v1,v2
and v1r,v2r À ∆ where r is the local radius of curvature of the nodal-line in momentum
space, then the low energy physics is just the sum of each segment of the nodal-line. Thus
the optical conductivity is



















The conductivity tensor σi j due to any local segment of nodal line is diagonal in its local





A simple case is that only the overall energy ε0(k∥) depends on k∥. To leading order, the
dependence is linear ε0 =ħv∥k∥ like Fig. 1C of the main text. The Hamiltonian is
H =ħ(v1k1σˆx + v2k2σˆy )+∆τˆzσˆz +ħv∥k∥ (S11)
which leads to the dispersion Eq. (1) of the main text. If the gap ∆ is zero, evaluation of
(S10) results in an optical conductivity that increases linearly with frequency











This linear frequency dependence results from the combination of an overall energy shift
and Pauli blocking, and could explain the experiment qualitatively. Adding a small con-
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stant gap results in














Θ (ω−2∆) . (S13)
The parallel velocity v∥ describes how fast the overall energy shifts along the nodal-line.
Total length of the nodal-line in NbAs2 is about 1.4 Å
−1. Table 3.1 summarizes the param-
eters at several points on the nodal-line.
Note the difference between a shifted nodal line and a 3D anisotropic Dirac node with
the dispersion ε(p) = ±
√
∆2+ v21p21+ v22p22+ v23p23. Indeed, the former can be viewed as
taking v3 → 0 and add a tilting term v∥k∥ to the latter. However, the Dirac node leads to
the optical conductivity
















which is distinct from (S13) in several aspects. First,σ is zero if measured along the shifted
nodal line while 3D Dirac node has no such direction for vanishing σ. Second, the almost
linear frequency dependence of σ comes from extended pauli blocking in shifted nodal
line while it is simply due to energy scaling of electron density of state in a 3D Dirac cone.
Last, the frequency dependence just above the optical gap is slightly different between
them.
Optical Conductivity of NbAs2
In principle, to obtain the optical conductivity σ(ω) of a curved nodal-line, the integral in
(S10) should be carried out exactly. Let us look at its frequency dependence qualitatively.
Since the overall energy shifts along the nodal-line, as shown in the inset of Fig. 2E of the
main text, the effective line length ke f f (ω) of optical transitions increases with frequency,
and finally stops increasing as it reaches the total length of the line kmax . This is the reason
why σ increases with frequency and then stops increasing. The theoretical plots in Fig. 2A
of the main text is from a simplified model that approximates the integral in (S10) byσbb =
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σbb,X1Y +σbb,rest . Near the X1-Y segment of the nodal-line, the overall energy ε0(k0) is
nearly flat, and the other parameters are also nearly constant. The local principle axis v1
is along b direction as shown in Fig. 3.7. Therefore, its contribution toσ is the same as that

















where bb means the conductivity in b direction and v⊥ = v2. For the rest part of the nodal-
line, the overall energy shifts, and a first approximation to it is a nodal-line with constant
parallel velocity and whose energy crosses the Fermi energy, as shown in Fig. 2C of the
main text. Following (S13), the contribution from the rest part of the nodal-line is collected
























(kmax −k0) ω> Emax
(S17)
is the effective length of optical transitions from the rest of the nodal-line.
Although this is only a rough model, it explains the experimental result quite well (Fig.
3.8) given fitting parameters (blue) shown in Table 3.1.
Position on line/Parameters Gap (meV) v⊥ (eV ·Å) vb (eV ·Å) v∥ (eV ·Å) Local direction
X1-Y ∆2 = 47 4.0(3.76) 3.4(3.6) 0 (1,0,− tan(23◦))
Fermi level crossing ∆1 = 38(42.5) 3.6(3.76) 2.7 0.72 (1,− tan(10.7◦), tan(4.4◦))
I1-Z 33 4.0 2.4 0 (1,0, tan(9◦))
Table 3.1: Nodal-line parameters from DFT calculation. Fitting parameters different from
calculation are colored in blue.
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A B
Figure 3.7: The nodal-lines in the 3D momentum space (A) and their projection in (001)
surface (B). The directions of real space unit vectors a (along x), b (along y) are also labeled
at two positions on the nodal-line: the X1-Y extrema and the Fermi level crossing points
(blue dots). The local principle axes at these two points are also shown as black arrows.
v1 and v2 are the asymptotic velocities along the principle axes perpendicular to the local
nodal-line. I1, Z , X1 and Y are the high symmetry points in the Brillouin zone.
The conductivity in a direction, σaa , is much smaller than that of b direction because
the nodal-line is almost parallel to a-axis, see Fig. 3.7. Note that only the electric field per-
pendicular to the nodal-line couples to the optical transitions. Therefore, σaa is smaller









σbb,rest (ω) . (S18)
γ= 23◦ is the angle between a and the nodal-line direction at X1-Y point. β(ω) is the same




(β f −βi )
Emax−2∆ (ω−2∆)+βi 2∆≤ω≤ Emax
β f ω> Emax
. (S19)
The initial (βi ) and final (β f ) values of 9
◦ and 23◦ are used for the fitting for σaa , respec-
tively.
The Drude parts of the conductivities are due to complicated electron and hole pock-
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with (Da1,Da2,Db1,Db2) = (4210,1754,1754,5262)THz2 and (γa1,γa2,γb1,γb2) = (12,137,
32, 97) cm−1. Note that the Drude weight in 3D has the dimension of frequency squared,
and 1THz= 2pi×1012 s−1. The optical conductivity anisotropy calculated above based on
nodal-line direction matches reasonably well with experimental data (inset of Fig. 2A in
the main text). To the best of our knowledge, this is the first experimental demonstration
of suppressed optical conductivity parallel to the nodal-line direction.
A B
Figure 3.8: (Left) Real part of the optical conductivity experiment (solid lines) and model
calculation (dashed lines) for both E ||b and E ||a using the same parameters as in Fig. 2A.
The peaks below 50 meV are infrared-active phonons; (Right) Zoom-in of the step region.
The derivative dσa1 /dω is shown below the σ
a
1 to better visualize its step positions.
Theory: Landau levels of gapped anisotropic nodal-line
For any local segment of the nodal-line, the magnetic field B can be decomposed into
one component along the line direction B∥ and one perpendicular to the line B⊥. The
transverse component B⊥ does not affect the equation of motion of the quasi-particles,
and therefore has no effect on the spectrum except for a tiny Zeeman splitting. Quantum




















































Figure 3.9: Comparison of experimental (left) and DFT calculations (right) of optical con-
ductivities (σ1 and σ2) in NbAs2. The dashed lines on the left highlight that the steps in
σ1 is accompanied by dips in σ2, in consistent with theory. At low frequency, σ2 is domi-
nated by the Drude contribution (1/ω). Together with the step in σ1 and logarithmic dip
at the same energy in σ2, the system is remarkably similar to the step and dip structure in
graphene [6, 7].
and therefore does not enter the Hamiltonian since the momentum along the line does not
(the term v∥k∥ leading to the overall energy shift is neglected due to the relative smallness





2|n|v2e f f eB/c+∆2 (S21)
where the effective velocity ve f f for Landau-level dispersion is defined as
ve f f =
√
v1v2 cosφ. (S22)
φ is the local angle between the nodal-line and the magnetic field which is along z direc-
tion in Fig. 3.7. For the X1-Y segment, φ = 67◦, yielding ve f f =
√
vbv⊥ cosφ = 2.31eV ·Å.
This corresponds to the Landau levels diverging from the larger gap (2∆2). For the seg-
ment crossing the Fermi energy, φ = 85◦, yielding ve f f =
√
vbv⊥ cosφ = 0.92eV ·Å. This
corresponds to the Landau levels diverging from the small gap (2∆1).
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Experimental Details and Additional data
Temperature dependent anisotropic reflectance R(ω) (Fig. 3.10) are measured using an
in-situ gold-overfilling technique [130] in a Fourier transform spectrometer (Bruker 66
v/S). The optical conductivity is obtained by fitting the reflectance data using a variable
dielectric function [131]. Magneto-reflectance measurements up to 8 T are measured in a
Fourier transform spectrometer coupled to a split-coil magnet via light-pipes. High-field
measurements up to 17.5 T are performed in a superconducting magnet in National High
Magnetic Field Laboratory. The focus of the IR light on the sample is ∼0.5 - 1 mm, which
is smaller than sample size. All magneto-optical measurements were performed at T = 5 K
in the Faraday geometry: E vector in the (001) plane and magnetic field B parallel to the
surface normal.
Magneto-reflectance data on sample #2 are shown in Fig. 3.11 and Fig. 3.12. In Fig.
3.11, blue and black lines are 8 T data for E ||a and E ||b polarizations, respectively. Com-
pared to experiment, the two-component magnetoplasma model (teal) shows negligible
effect with cyclotron frequency ωc (8 T) = 30 cm−1, using effective mass 0.25 me . Man-
ually increasing ωc to 90 cm−1 yields some modulation, but the shape of the classical
model cannot account for the series of strong peaks in experiment. In Fig. 3.12A, high-
field magneto-reflectance are measured up to 17.5 T on sample #2. The fitted gap energy
(2∆2) and average velocity (v¯) are very close to sample #1.
Notably, the higher energy dispersing features in magneto-reflectance spectra (Fig.
3.12 and Fig. 4 in main text) start close to the plasma minimum ∼125 meV for R a (10
K) (Fig. 3.10 and Fig. 2A in main text). Nevertheless, we posit that these features are un-
related to the conventional magneto-plasma effect that leads to plasma edge splitting for
the following reasons. First, the series of peaks can be accurately described by adjacent
dipole-active interband LL transitions for gapped Dirac bands, as shown in the main text



















































Figure 3.10: (Top row) Temperature dependent reflectance of NbAs2 (001) surface for light
polarized along E ||a (left) and along E ||b (right). (Bottom row) Corresponding real part of
the optical conductivity.
pockets in NbAs2 are very small due to the heavy mass (0.24-0.29 me) [109], unable to ac-
count for the large modulation in R(B)/R(0 T) we observed (Fig. 3.11C). Finally, the polar-
ized magneto-reflectance spectra (Fig. 3.11 and Fig. 4 in main text) show almost identical
features at high energy region (>100 meV) for both E ||b and E ||a, whereas the zero-field
plasma edge is drastically different for the two polarizations. The series of dispersive fea-
tures are therefore beyond the scope of classical magnetoplasma effect and Landau level
descriptions are needed, as described in the main text.
Additional data for the imaginary part of the optical conductivity (σ2(ω)) is also shown
in Fig. 3.9, together with corresponding DFT calculations. The most striking feature is
that the step positions in σ1 corresponds to logarithmic dip feature in σ2 (vertical dashed
lines), in remarkable similarity to graphene [6, 7]. The combination of σ1 and σ2 allow
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us to accurately determine the step positions with an error bar less than 2 meV. For σa2
the dip features are weaker so we calculate the derivative dσa1 /dω to better determine the
step position in σa1 , show in Fig. 3.8 right panel. The peak in dσ
a
1 /dω corresponds to the
steepest step in σa1 and the error bar for a-axis step position is about 4 meV.
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Figure 3.11: Anisotropic magneto-reflectance spectra for (A) E ||a and (B) E ||b. For E ||b,
the slowly moving peaks associated with 2∆1 and weak dispersing feature (∼100 meV) are
consistent with sample 1 (main text, Fig. 4). C Comparison of magneto-reflectance spectra
and magnetoplasma model.
DFT calculations
Electronic structure calculations are carried out based on density functional theory (DFT)
with Vienna Abinitio Simulation Package (VASP) [132]. We use plane-wave basis up to 400
eV and a 15 × 15 × 6 Γ-centred K-mesh. Throughout the calculation, the PBE parameter-
ization of generalized gradient approximation to the exchange correlation functional was
used [133]. The crystal structure was fully optimized until the force on each atom less than
1 meV/Å and internal stress less than 0.1 kbar. With Nb-5d and Ta-5p orbitals the DFT re-
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Figure 3.12: A Magneto-reflectance spectra for NbAs2 sample 2. In panel B the extracted
peak energies of sample 2 (golden dots) are compared with sample 1 (green dots). Dashed


























Figure 3.13: Surface density-of-state (DOS) calculation on NbAs2 (001) surface. (A) Along
Γ−Y (E ||a) and Γ− X (E ||b). (B) Along Γ− X 1 (E ||45◦ to b-axis). Inset shows a subset of
derivative plot data from main text Fig. 4B.
Wannier function (MLWF) method [134]. The bulk band structure with and without spin-
orbit-coupling is shown in Fig. 2B in the main text.
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Search for Nodal-lines in the Entire Momentum Space
Two anticrossing points (Y-X1 and Z-I1) present within 0.1 eV range of the Fermi level. We
have explicitly calculated these anticrossing points in the full BZ by interpolating Wannier
Hamiltonian (without SOC) using adaptive K-mesh method and convergence criterion of
0.1 meV. Our calculation show these anticrossing points (Y-X1 and Z-I1) form open nodal
lines (Fig. 3.7 and Fig. 2A in main text) which extended through multiple BZs. Once SOC
effect is included, all these nodal lines are gapped (Fig. 4E). Around these two anticrossing
points, we plot the band dispersion in kl ine-kb plane for kz = 0 and kz = 0.5 (Figs. 4C,4D
in main text).
The (001) surface state (Fig. 3.13) was calculated with the TB model using surface green
function of the semi-infinite system. The non-trivial topological surface states exists in
certain direction of BZs, indicating the weak topological property of this system, corre-
sponding to (0; 1 1 1) classification [117].
Optical conductivity calculation and band-to-band interband
contribution
The optical conductivity is calculated with Kubo formula using uniform 200 x 200 x 200
Γ-centred K-mesh for Brillouin zone, which we find to be accurate enough to resolve the
fine details in the optical conductivity spectrum. In Fig. 3B (main text), we plot real part of
optical conductivity Re[σαβ] for both E||b and E||a. The double-step structure and linear
conductivity behavior can be identified from 50 meV to 300 meV in our calculation and
is in good agreement with the experiment. Since the highest conduction band and low-
est valence band in NbAs2 are well separated from all other bands (Fig. 2B in main text
and Fig. 3.14A), the main contribution to the optical conductivity is mainly from these
two bands. To conform this, we calculate the interband transitions from different bands
near the Fermi level. In Fig. 3.14C we plot the interband transitions (marked with different
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color) between four bands near the Fermi Level. Our calculations show over a large fre-
quency range (from 0 to 0.4 eV), the dominated contribution to the optical conductivity
indeed from non-trivial to trivial interband transitions marked with red arrow in Fig. 3.14B
whereas the interband transition between two highest valence bands (10→11) is negligible
mostly due to the Pauli blocking. The remaining interband transitions only contribute to
high frequency part of optical conductivity, which are irrelevant to the double-step struc-













Figure 3.14: (A) DFT calculations of the band structure for NbAs2 along the same high
symmetry points as Fig. 2 in the main text. The four bands closest to the Fermi level are
labeled 10 (light blue), 11 (blue), 12 (orange) and 13 (pink). (B) Colored arrows for allowed
interband optical transitions between different initial states and final states. (C) Optical
conductivity spectra calculated for different combinations of initial and final states. The
main contribution to low-energy (blue shaded) optical conductivity come from 11 to 12
(red line). Other interband transitions have onset at around 0.4 eV.
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Relation with Magneto-resistance (MR) measurements
The quantum linear MR proposed by Abrikosov [121] requires that only the lowest Landau
level (LL) is occupied and that the thermal fluctuation at finite temperature is small com-
pared to the energy difference between zeroth and first LL. It has recently been observed
in Ba(FeAs)2 [122] where the dependence change from MR∼ B2 at low field to MR∼ B at
high field is also shown. The similar situation happens in transition metal dipnictides in
that at low B fields the MR can be explained by semiclassical two-band model [main text
Ref. 33-35], but strongly deviates from MR∼ B2 at high fields [Ref. 34]. To the best of
our knowledge, the high field MR measurements have only been reported for NbAs2 and
TaAs2 [Ref. 34]. Given the similarities in the band structure of NbAs2 and TaAs2, we sus-
pect that massive Dirac nodal-lines may be responsible for the MR dependence change
in TaAs2 as well. For TaSb2 and NbSb2 future high field MR measurements in combina-
tion with optical/magneto optical studies are needed to understand the origin. Indeed
the anisotropy should show up in magnetoresistance measurements along a- and b-axis,
but unfortunately the majority of the transport studies on NbAs2 has focused on b-axis
response. It would be interesting to compare with future magneto-transport studies with
current applied along a-axis. From the temperature dependence of the quantum oscilla-
tions one can obtain the cyclotron frequency and cyclotron mass (mcyc) of charge carriers.
In magneto-optics a direct comparison would be cyclotron resonance (intraband Landau-
level transition) which also gives the cyclotron frequency via ωc=eB/mcyc . However, the
signal is very small in the far-infrared region and we did not detect cyclotron resonance
in our data up to 17.5 T (see Fig. 3.11). The fact that we saw strong inter-Landau-level
transitions across the gap attesting to the fact that the carrier mobilities are indeed very
high, consistent with previous transport measurements.
Notably, one MR measurement [120] reported an interesting plateau in resistivity at
low temperature below 8 T and attributed this to potential surface states in NbAs2. This is
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in agreement with the “in-gap” state we saw in b-axis derivative magneto-reflectance data
(Fig. 4B) between 2T and 8 T. Our DFT calculation also indicate the existence of strong
surface state (SS) density of states along certain directions in (001) surface (Fig. 3.13).
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Chapter 4
Electronic Correlations in Topological Semi-metals
62
4.1 Introduction
Three-dimensional (3D) Dirac fermions with highly-dispersive linear bands are usually
considered weakly correlated, due to relatively large bandwidths (W) compared to Coulomb
interactions (U). With the discovery of nodal-line semimetals, the notion of Dirac disper-
sion has been extended to lines and loops in the momentum space. The anisotropy as-
sociated with nodal-line structure gives rise to greatly reduced kinetic energy along the
line. However, experimental evidence for anticipated enhanced correlations in nodal-
line semimetals is sparse. Here we report on prominent correlation effects in a nodal-line
semimetal compound ZrSiSe through a combination of optical spectroscopy and density-
functional-theory calculations. We observed two fundamental spectroscopic hallmarks of
electronic correlations: strong reduction (1/3) of the free carrier Drude weight and of the
Fermi velocity compared to predictions of density functional band theory. ZrSiSe there-
fore offers the rare opportunity to investigate correlation-driven physics in a Dirac system.
4.2 Main Result
Correlated electron physics and topological Dirac/Weyl semimetals [5, 135, 19] are two
frontiers of modern condensed matter research that remain largely separated. Correla-
tion effects in Dirac systems are usually weak with notable exception of twisted-bilayer
graphene [136]. However, correlations are anticipated to be enhanced in the recently
discovered nodal-line semimetals (NLSM): systems that feature extended linear band-
crossings along lines/loops in the Brillouin zone [135, 83, 94]. For non-dispersive nodal-
lines, the kinetic energy is completely quenched along the nodal-line direction in k-space
(vF,∥ ∼ ∂²/∂k∥ = 0) but can remain large perpendicular to the nodal-line (vF,⊥∼ ∂²/∂k⊥∼
4.3eV·Å) [94, 137]). Therefore, nodal-line metals present a fertile ground for exploring cor-
relations in systems with linearly dispersing Dirac quasiparticles [138, 139]. However, it
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has proven difficult to disentangle experimental signatures of correlations from other fac-
tors impacting the low-energy physics of NLSMs [138, 139, 140]. An important exception
is ZrSiS, where a recent high-field magnetotransport study found evidence of substantial
mass enhancements on some Fermi surface sheets and nontrivial temperature depen-
dence of quantum oscillation amplitudes [18]. These findings were interpreted in terms
of strong correlations and proximity to a quantum critical point at high (> 10 T) magnetic
fields. A pressing unresolved question is whether the correlation effects are field-induced
or present already in the zero-field state in NLSMs.
Infrared spectroscopy [141, 36] is an ideal probe of the nodal-line dispersion in NLSMs
and also permits to quantify the strength of electronic correlations in solids [36, 17, 4].
The real part of the optical conductivity (σ(ω)=σ1(ω)+ iσ2(ω)) in NLSMs follows distinct
power-law behaviors that are linked to the energy dispersion of nodal-lines [141, 142, 12].
Furthermore, the frequency integrated σ1(ω)-the spectral weight (SW)-gives a direct es-
timate of the optical kinetic energy of the quasiparticles (Kexp ∝ SW) [36, 143, 9]. The






where Ω is the cut-off frequency, c is the speed of light and ²0 is the vacuum permittiv-
ity. When compared with (non-interacting) band theory calculations Kband , the degree of
reduction in optical kinetic energy Kexp/Kband offers a valuable probe of the correlation
strength [36, 4, 143]. Finally, magneto-infrared spectroscopy enables a direct access to the
Fermi velocity through the dispersion of Landau-level (LL) transitions [142, 105] and these
results also can be compared to predictions of the band theory.
In this work, we use a combination of zero-field and magneto-infrared spectroscopy
to study the NLSM state in ZrSiSe. Spectroscopic signatures of prominent correlations are

















Figure 4.1: Electronic structure and optical conductivity of ZrSiSe calculated using ab−
ini t io method. a, Density function theory (DFT) calculations of the band structure with
(orange) and without (grey) SOC. The main effect of the SOC is a small gap opening (∼40
meV) at the nodal-line. Inset shows the red cage of nodal-lines in the Brillouin zone of
ZrSiSe. b, Energy versus kx and ky calculation (DFT) at kz=0 plane showing the wave-
like energy dispersion of the nodal-line (grey). Grey and orange shaded planes are two-
dimensional (2D) cuts along high-symmetry lines and correspond to the planes in 2D
band structure plot (panel a). c, DFT calculations of the ab-plane interband optical con-
ductivity of ZrSiSe. The peak near 40 meV corresponds to transitions across the SOC gap.
d, Schematic of a sine-wave dispersing nodal-line and a flat-nodal line along momentum
k∥. Note that each point on k∥ represents a 2D Dirac cone in the perpendicular directions.
e, The SW for the dispersive (grey) and flat (red) nodal-lines in d, showing that the SW is
reduced with flattened energy dispersion when the doping is not too large. Two insets cor-
respond to the cases of EF=0 and EF=Emax, respectively. For flat nodal-line, EDirac(k)=const.
and one recovers the known result for graphene SW∝|EF|[8].
tions. At variance with a closely related ZrSiS system [18, 12], we find that ZrSiSe reveals
enhanced correlation effects already in zero magnetic field.
We begin with a survey of the electronic band structure of ZrSiSe (Fig.4.1) and discuss
implications for the optical conductivity. Highly dispersive Dirac bands are apparent in
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the band structure obtained with the DFT (see Supplementary Information for the details
of the calculations). The nodal-lines form a cage-like structure in momentum space (in-
set), in agreement with previous studies [94, 137, 18]. The energy offset of the Dirac nodes
is small between Γ−X and Γ−M directions, which are two cuts of the kz=0 nodal-loop.
The key result is displayed in Fig. 4.1b: the complete nodal-line (grey) dispersion resem-
bling a “sine-wave” in the energy versus kx and ky plot, in contrast to a hypothetical flat
nodal line. Therefore, at some kx and ky the Dirac points are situated below the Fermi level
and at other points they are above, in contrast to flat nodal-line (Fig. 4.1d). These distinc-
tions in the low-energy electronic structure lead to very different optical properties (Figs.
4.1c, e) between realistic dispersive nodal-lines and a hypothetical flat nodal-line. As can
be seen in Fig. 4.1c, DFT (grey) predicts an increasingσ1(ω) at low-frequency as a result of
dispersive nodal-lines [141, 142], in contrast to the frequency-independent σ1(ω) ∼e2/h
[141, 12] expected for a flat nodal-line. Including spin-orbit-coupling (SOC, orange curve)
opens gaps at the Dirac points; provided (as is the case for ZrSiSe) the gap is of the order
of the dispersion width and the chemical potential is mainly within the gap. In that latter
case we notice that the low frequency absorption is replaced by a prominent peak in the
interband optical conductivity near the SOC induced gap energy (∼40 meV).
The effect of energy dispersion on the SW can be demonstrated with a simple model
shown in Fig. 4.1d, where each point along the nodal-line direction k∥ represents a 2D
Dirac cone (inset). For dispersive nodal-line, the SW is proportional to
∫ |EF−EDirac(k)|dk∥
and depends on the specific dispersion of the nodal-line. For flat nodal-line, the SW would
be proportional to EFk∥ since the relative Fermi energy is fixed for all k∥. Therefore, the flat
nodal-line will have smaller SW compared to dispersive nodal-line (Fig. 4.1e). This nodal-
line flattening is also qualitatively reproduced with G0W0 calculations of the ZrSiSe band
structure (see Supplementary Information Fig. S5).









































kz = 0.5( /c)
EF
 Y M       eV Å


















= 0.87 ± 0.06
e
 ( [ S W    .     ' ) 7   L Q W H U E D Q G    ' U X G H 




























































               
 ( Q H U J \   H 9 
Figure 4.2: ab-plane optical conductivity of ZrSiSe and spectral weight analysis. a, Real
part of the ab-plane optical conductivity σ1ω as a function of frequency and temperature.
2∆op indicates the optical gap (2∆ + 2EF). The shaded grey area highlights the deviation
from theoretical result for flat nodal-line (grey dashed). b, Energy versus kx and ky calcula-
tion (DFT) at kz=0.5pi/c (grey plane in left panel), showing that absence of nodal-line away
from kz=0 plane. Vertical arrows indicate possible interband optical transitions. Transi-
tions with photon energy above the grey arrow will be greatly suppressed as a result of
reduced DOS. c, Comparison of the 5 K optical conductivity with DFT calculation (orange
dotted). Blue and green dashed lines display the fit with Drude and Lorentzian formula
for the intraband part of σ1(ω). Shaded blue area highlights the difference between the
experiment and DFT calculations. Inset is the calculated DOS showing the van Hove sin-
gularity (∆EVHS ∼ 0.35eV). d, Calculated joint-DOS for ZrSiSe. The black arrow indicates
suppressed JDOS beyond ∆EVHS and corresponds to the energy that σ1(ω) is suppressed
in c (black arrows). In e, calculated interband σ1(ω) (DFT) is subtracted from the exper-
imental data (5 K). The lost spectral weight (SW) at low energies (shaded orange area) is
mostly recovered by the mid-IR peak (shaded blue area). f, the experimental SW integral
as a function of cut-off frequency (Ω) defined by Eq. S1 for different temperatures. Calcu-
lated (DFT with SOC) SW is shown for comparison.
pendent reflectance measurements (80−8000 cm−1) combined with ellipsometry (6000−
40000 cm−1), see Methods and Supplementary Information for details. The real part of the
optical conductivity σ1(ω) is dominated by Drude free carrier contributions at low ener-
gies. The Drude peak narrows and reveals suppressed SW at low temperature. A resonance
peak appears around 380 cm−1 (∼47 meV) at the lowest temperatures and is attributed to
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the interband transition across the gap triggered by SOC, see Fig. 4.1a, 4.1c. The interband
optical conductivity of ZrSiSe is nearly frequency-independent below 3000 cm−1 and then
develops a broad dip between 4000−10000 cm−1. This latter finding is in apparent con-
tradiction with the fact that both DFT and angle-resolved photoemission (ARPES) band
structures show linear Dirac bands extending over 1 eV in bandwidth [94, 137], way be-
yond the 0.4 eV (∼3200 cm−1) anomaly in Fig. 4.2a. The oddity of the interband response
in Fig. 4.2a transpires by considering the full cage-like nodal-line structure, where at finite
kz the horizontal nodal-lines vanish, leaving only 8 Dirac points (Fig. 4.2b). The appear-
ance of van Hove singularities between the Dirac points [144] lead to the suppression of
optical conductivity beyond ∆EVHS, as indicated by the black arrows in Fig. 4.2c and 4.2d.
To quantitatively understand the electrodynamics of ZrSiSe we compared the optical
conductivity data obtained at T = 5 K to the DFT-derived conductivity spectra in Fig. 4.2c.
The calculated interband conductivity (orange dotted line) matches remarkably well with
the experiment (blue line). Calculations reproduce the energy of the peak due to SOC
and also accurately predict the overall magnitude of σ1(ω). Deviations appear near 3000
- 6000 cm−1 (shaded blue region) where the experimental conductivity is higher than the
calculated spectrum. Importantly, this difference is unlikely to reflect inaccuracies of DFT
as attested by the overall excellent agreement. Rather, such deviation may originate from
effects not considered in DFT, e.g. electronic correlations [140, 9].
In correlated electron systems, there are two significant optical observables resulting
from the renormalization of the electronic bands by correlations [36, 17, 145]. One is the
reduced Drude SW compared with the band theory estimates and the other is the renor-
malization of the Fermi velocity. We now explore each of these observables and find con-
sistent pictures offered by these two distinct approaches.
For non-interacting metals (e.g. Cu, Ag) the ratio Kexp/Kband will be very close to 1.
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Figure 4.3: Magneto-optical response of ZrSiSe. a, Calculated three-dimensional Fermi
surface of ZrSiSe. Main contributions to the magneto-optical response come from regions
with small Fermi surface (green circle, kz ∼ 0.5pi/c). The local direction of the nodal-line
is titled away from magnetic field direction (kz) by angle φ≈ 22◦. b, Magneto-reflectance
R(ω, B) normalized by zero-field reflectance R(ω, 0 T) from 2 to 8 T. Green arrows indi-
cate the dispersive peak features that harden with increasing magnetic field. Inset is the
schematic for the massive Dirac bands (at B = 0 T) and their corresponding Landau levels
(LL) at finite B-field. Red and green arrows denote onset of optical transitions for B = 0
and B 6= 0, respectively. c, Derivative dR/dB plot reveal additional dispersive features at-
tributed to a different set of interband LL transitions (grey dashed lines). Average velocities
fitted using Eq. (2) are shown for the two set of transitions. d, Real (σ1) and imaginary (σ2)
parts of the optical conductivity near the gap region. The black dashed line indicates the
optical gap position determined from the minimum in σ2, which gives a more accurate
measure of gap position than σ1 [8].
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quenched while Kband remains finite [36]. Mott insulators are therefore examples of cor-
relations at utmost extreme. Many conducting materials derived from Mott insulators
display moderate correlations with Kexp/Kband ∼ 0.5 [17, 4]. In ZrSiSe, the experimental
Drude SW amounts to SWDrude ∼ 3.48eV2 and is considerably smaller than the DFT re-
sult: SWDFT∼5.3eV2 (see Supplementary Information). We therefore obtain Kexp/Kband=
SWDrude/SWDFT = 0.67. We emphasize that this strong suppression (∼1/3) of the exper-
imental Drude SW compared to the non-interacting theoretical value is a signature of
prominent correlations [36, 4, 9]. The correlation strength we found in ZrSiSe is com-
parable to SrRuO3 [146] and Co-doped BaFe2As2 [147]. Finite spectral weight below the
gap is also evident in Fig. 4.2d, and can be included into our analysis by parametrizing
the observed features with Lorentzians (green dashed lines) [12]. Even with the contribu-
tions from these sub-gap absorptions, the total low-energy SW is still much smaller than
band theory: (SWDrude+ SWsubgap)/SWDFT=0.71. The enhanced SW in 3000−6000 cm−1
compared to DFT is then consistent with correlation-induced SW transfer from the Drude
part to mid-IR band. In fact, from the difference ∆σ1 =σ1(5K)−σ1(DFT) plot (Fig. 4.2e) it
is evident that the lost SW at low energies is mostly recovered by the excessive SW in the
mid-IR band.
The SW obtained using Eq. S1 as a function of the cutoff frequency provides an exper-
imental access into the energy scales associated with the SW transfer. In Fig. 4.2f we plot
the experimental SW(Ω,T) as a function of cutoff frequency and temperature and compare
our findings with the DFT calculations. The total SW from DFT (black dotted line) includes
both the Drude (orange line) and interband contributions, with a jump near 2∆SOC ∼ 40
meV (grey shaded area). At low energies the SWDrude is consistently smaller than the non-
interacting theory (DFT total) and we found SWDrude/SWDFT = 0.6 ∼ 0.7. The error bar
comes from the uncertainty in the cutoff frequencyΩ (grey shaded area in Fig. 4.2f). Con-
sistent with SW transfer picture above, the SWDrude at higher energy (>0.8 eV) matches the
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DFT prediction. This suggests that Mott correlations are not important in ZrSiSe; rather
the renormalization of the Drude weight comes from an interaction with a not too large
characteristic energy scale. The agreement of the MIR band energy and the SW transfer
energy strongly suggests that the underlying energy scale for the observed correlations ef-
fects is around 0.8 eV. We note that this energy scale is on par with the on-site Coulomb
repulsion energy estimated (U =0.82 ∼ 1.1 eV) from two-orbital Hubbard models for Zr-
SiSe [140].
The electronic correlations effects manifest directly in renormalized Fermi velocities
both in conventional and in Dirac systems [8, 145, 148, 149, 150]. The enhancement of
Fermi velocity due to long-range interactions is established both theoretically and exper-
imentally [8, 145, 148] in graphene. However, the impact of short-range interaction on
Dirac fermions is rather subtle [149]. Theory predicts that a moderate value of on-site U
would reduce the Fermi velocity [149, 150], in qualitative agreement with our magneto-
optics data discussed below.
Magneto-infrared spectroscopy provides direct access to averaged Fermi velocity through
intra- and/or inter-band [15, 151, 105] Landau level (LL) transitions. The quantized LLs for
Dirac bands in nodal-line materials are obtained as [142]: E±n =±
√
2eħ|n|Bv¯2cos(φ)+∆2,
where n is the LL index, v¯ is the average Fermi velocity perpendicular to the nodal-line
direction and φ is the angle between local nodal-line direction and the magnetic field di-
rection (Fig. 3a). Following the dipole selection rule [151, 152], δ|n| = |n|′ − |n| = ±1, the






where B¯ =Bcos(φ) is the effective magnetic field that is parallel to the nodal-line direction
[142]. This specific form implies that the “vertical” nodal-lines (Figs. 4.2b, 4.3a) contribute
most to LL transitions. All magneto-infrared measurements discussed in this work are in
Faraday geometry (B ∥ kz , c, E ⊥ kz).
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Notably, magneto-optical response effectively provides “momentum-resolved” infor-
mation for ZrSiSe, due to the peculiar Fermi surface geometry (Fig. 4.3a). Compared to
ZrSiS (Fig. S7), the Fermi surface of ZrSiSe features nearly gapped regions along the verti-
cal nodal-line (green circle in Fig. 4.3a), which results in vanishingly small Fermi pockets
that are favorable for low energy interband LL transitions. Indeed, at moderate magnetic-
field strength (B < 8 T) we observed prominent LL transitions in ZrSiSe but not in ZrSiS,
where the band filling is always high (Fig. S7)
In Fig. 4.3b we plot reflectance spectra R(ω,B) normalized by zero-field data R(ω,0
T) for ZrSiSe. A series of peaks evolve with increasing magnetic field in a notable de-
parture from the linear law of magnetooptics followed by materials with parabolic bands
[15, 105, 153]. We attribute these trends to interband LL transitions in massive Dirac sys-
tems (inset Fig. 4.3b) [142, 152]. The details of the dispersion can be visualized via the
derivative plot dR/dB [142] shown in Fig. 4.3c. The main dispersive features are now
manifest as zero derivative (white) regions surrounded by areas with positive (red) and
negative (blue) slopes. Green dashed lines are fits using Eq. S2 with 2∆=38 meV and
v¯ = 1.51eV ·Å. The derivative plot also reveals weaker features around 400 cm-1 and 600
cm-1 that can be described by a second set of LL transitions (grey dashed lines) originated
from a slightly larger gap. In Fig. 4.3d we plot both parts of the optical conductivity near
the optical gap region. It is well established [8] that the dip inσ2 offers a more accurate de-
termination of the optical gap (2∆op=47.5 meV). The Fermi level is therefore determined
to be around 5 meV from 2EF = 2∆op - 2∆. Importantly, interband LL transitions can only
originate from the Dirac points at finite kz (Fig. 4.2b, 4.3a see also Supplementary Sec. III),
where the average Fermi velocity from DFT is: vDFT =pvΓMv∥ = 2.31eV·Å (Fig. S8). The
ratio between average experimental Fermi velocity and band theory is then v¯/vDFT = 0.68.
Consistent with zero-field spectral weight analysis, the average Fermi velocity also shows
a reduction compared to DFT by ∼30%. We remark that the slowdown of the Fermi ve-
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locity is consistent with the recent theoretical analysis of the of role of on-site Hubbard
interactions (U) in Dirac systems obtained in the regime where U is much smaller than
the electronic bandwidth [149, 150].
Having demonstrated the enhanced correlations effects in ZrSiSe in both zero-field
and magneto-infrared spectroscopy, we now analyze the trends of electronic-correlations
in Dirac materials [5, 19]. In Fig. 4.4 we assembled data for different Dirac metals (black
dots) on a color chart with a horizontal axis quantifying the degree of electronic corre-
lations SWDrude/SWband. In light of the recent observations of Dirac points in the iron
pnictide BaFe2As2 [105, 154] and Dirac nodal-lines in BCS superconductor MgB2 [129] we
added these materials to Fig. 4.4.































Figure 4.4: Ratio of the experimental and the band theory spectral weight SWDrude/SWband
for various Dirac-like systems. Metals are denoted with solid black dots. The value of
ZrSiSe data point and associated error bars are discussed in the main text and SI. Sec X.
Values of Kexp and Kband for other materials are obtained from: BaFe2As2, paramagnetic
(PM) and spin-density-wave (SDW) phase [4, 9, 10], MgB2 [11], ZrSiS [12] (see also Fig.
S4), WTe2 [13], Bi2Se3 [14], (Bi,Sb)2Te3 [15, 14]. For CuxBi2Se3 [16] the SWDrude/SWband
ratio is obtained from the mass enhancement via the relation m∗/mb ≈ SWDrude/SWband
[17]. The red dashed circle for twisted bilayer graphene represent predictions from the
observed insulating state4. Data points are offset vertically for clarity.
In this chart, Dirac metals (weak correlation, e.g. topological insulator surface states)
occupy the right-hand side where SWDrude/SWband is approaching unity. On the contrary,
the only well characterized Dirac correlated insulator: twisted bilayer graphene is located
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at the left-hand side of the SWDrude/SWband ≈ 0. Of particular interest are systems with
SWDrude/SWband < 0.7 where the correlation effects are quite prominent. We have demon-
strated experimentally that ZrSiSe falls in this territory of moderate correlation strength. It
is worth to mention that in a prototypical Dirac metal graphene, many body interactions
effects enhance the Fermi velocity [8, 145]. Nevertheless, the Drude SW remain unaffected
[5, 8] and therefore SWDrude/SWband = 1 (see Supplementary Information Sec. II). The ob-
served reduction of the overall kinetic energy in ZrSiSe may be reflecting competing effects
rooted in the coexistence of linear and quadratic bands in its complex band structure (Fig.
4.1b). The delicate interplay between electron-hole symmetry and Coulomb interaction
strength is predicted to lead to drastically different many-body ground states for ZrSiS and
ZrSiSe, even though their electronic dispersions are almost the same [138, 140].
The nature of correlated behaviors in Dirac metals remains an interesting open ques-
tion [139, 140, 18]. By studying the archetypal NLSM ZrSiS/Se family we have discovered
prominent correlation effects in ZrSiSe through a combination of optical/magneto-optical
spectroscopy and ab-initio calculations. The 1/3 spectral weight reduction compared to
band theory value is much larger than in ZrSiS and the energy scale of the spectral weight
transfer is found to be around 0.8 eV. The strongly suppressed Fermi velocities near the EF
revealed via Landau-level transitions are also consistent with the reduced kinetic energy
picture at zero magnetic field. A combination of these two complimentary methods gives
unprecedented insights in ZrSiSe and attests to the existence of correlation effects. The
discovery of correlated Dirac metal state in ZrSiSe provides a solid background for explor-
ing various topological phases beyond the noninteracting picture and paves the way for
identifying future correlated topological materials.
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4.3 Appendix
















































Figure 4.5: (Left) Reflectance spectra for ZrSiSe (001) at different temperatures. The re-
flectance spectra above 8000 cm−1 are calculated from Vis-UV ellipsometry data. (Right)
Extracted imaginary part of the optical conductivityσ2(ω) at corresponding temperatures.
Inset is the real part of dielectric function ε1 at 5 K and 300 K. The first zero-crossing of ε1
determines the screened plasma frequencyω∗p =ωp/
p
²∞ and is nearly temperature inde-
pendent.
In Figure 4.5 we show the temperature dependent ab-plane reflectance for ZrSiSe. The
overall shape is similar to that of ZrSiS [12], except that the spin-orbit-coupling (SOC) gap
is more prominent in ZrSiSe (inset of left panel). Real and imaginary parts of the dielectric
function ε(ω) = ε1(ω)+ iε2(ω) or equivalently optical conductivity σ(ω) = σ1(ω)+ iσ2(ω)
are extracted from Kramer-Kronig analysis [155]. The ε1 zero-crossing is nearly identical
for 5 K and 300 K (inset of Figure 4.5), indicating that the reduced plasma frequency is
almost the same. From the fitting of Drude spectral weight (see below) we obtain the
unscreened (square) plasma frequency ω2p = ne
2
ε0m
= 3.58eV2, where n is the carrier density,
m is the effective mass, e is the electric charge and ε0 is the dielectric permittivity of free
space. Comparing it with the screened plasma frequency from zero-crossing of ε1(ω∗2p =
ω2p/ε∞ = 1.21eV2) the high-frequency dielectric constant can be determined to be ε∞ ≈
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2.9.
Next, we discuss the details of the fitting of the real part of the optical conductivity
σ1(ω) with Drude-Lorentz model. The low frequency end of the optical conductivity spec-
tra is parametrized with Drude and Lorentzian oscillators to connect to the dc conductiv-










ω2o, j −ω2− iωΓ j
− iωε0(ε∞−1) (S3)
where ωp,i and γi are the plasma frequency and scattering rate for the Drude com-
ponent. The ωo, j , ω2p. j and Γ j are the position, weight and linewidth for the Lorentzian
oscillator to describe the subgap absorption peaks. Together with the DFT calculated σ1ω
broadened with finite temperature, the Drude-Lorentz fitting give a good description of
the experimental optical conductivity at all temperatures, as shown in Figure 4.6. All the
fitting parameters are listed in Table 4.1.
At high-temperatures (300 K and 200 K), the experimental data can be parameterized
with a single Lorentzian together with two identical Drude components (for electron and
hole carriers), see Figure 4.6b, 4.6c. As temperature is lowered, one additional Lorentzian
component is needed and one of the two Drude components becomes much narrower
than the other component. At 25 K, the narrow Drude has a scattering rate γ of 0.17 meV
(1.4 cm−1), similar to the γ≈ 2 cm−1 for ZrSiS at below 50 K reported in Schilling et al [12].
Importantly, the spectra weight (SW) obtained from the fitting is temperature inde-
pendent, i.e. SWDrude/SWDFT∼0.67 for all temperature studied, consistent with the fact
that the screened plasma frequency is temperature independent (inset of Figure 4.5).
The fitting parameters listed in Table 4.1 give good description of not only the real part
(σ1) but also the imaginary part (σ2) of the optical conductivity, as shown in Figure 4.7.
We remark that this excellent agreement between experiment and DFT for both real and
imaginary part of the optical conductivity attest to the SW reduction analysis in ZrSiSe.
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Figure 4.6: (a) DC resistivity measurements of ZrSiSe (blue) and corresponding dc con-
ductivity (orange). Colored round dots correspond to the dc conductivity values used to
anchor the low frequency end of the optical conductivity from 300 K to 5 K in panels (b) to
(f).
300 K 200 K 100 K 25 K 5 K
ωp , Drude 1 (eV) 1.338 1.337 1.337 1.34 1.27
ωp , Drude 2 (eV) 1.338 1.337 1.337 1.34 1.4
γ, Drude 1 (meV) 15 9 1.6 0.17 0.13
γ, Drude 2 (meV) 15 9 8 6.5 3.6
ωp , Lorentzians (eV) 0.65 0.48 0.43/0.25 0.3/0.3 0.32/0.34
γ, Lorentzians (meV) 5 6 5/6 5.5/5.5 4.7/5.2
ωo , Lorentzians (eV) 0.011 0.012 0.01/0.023 0.015/0.024 0.015/0.024
Table 4.1: Parameters used for fitting the optical conductivity (Figure 4.6) at different tem-
peratures using the Drude-Lorentz model.
Ab-initio calculations of optical conductivity and SWDFT
Density functional theory (DFT) calculations were carried out using the plane-wave pseu-
dopotential method as implemented in the Quantum ESPRESSO simulation package [156,
157]. Norm-conserving pseudopotentials [158] were used in conjunction with the gener-




































Figure 4.7: Drude-Lorentzian model fitting of both the real (σ1) and imaginary (σ2) part of
the optical conductivity of ZrSiSe at 5 K. The Drude fits are indicates as blue dashed lines
and green dashed lines are the Lorentzians. Orange dashed lines are calculations from
DFT and the black dashed lines are the total contribution.
coupling was introduced at the level of fully relativistic pseudopotentials derived from an
atomic Dirac-like equation [159]. An energy cutoff of 70 Ry for the plane-waves and the
convergence threshold of 10− 12 Ry were used for the self-consistent solution of Kohn-
Sham equations. The Brillouin zone was sampled by a (16× 16× 8) Monkhorst-Pack [160]
k-point mesh. Lattice constants as well as atomic structure were relaxed until the residual
forces were less than 10−4 Ry/bohr.
GW calculations were performed within the projected augmented wave [161] scheme
as implemented in the Vienna ab initio simulation package (VASP) [162].In this case, we
used a general energy cutoff of 300 eV for the plane-wave basis, and 200 eV for the basis
of response functions in GW calculations. An energy window of about 100 eV was used to
achieve numerical convergence of the dielectric matrix, which was not updated during the
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calculation (G0W0 approximation). Otherwise the same set of parameters was employed
as in DFT-GGA calculations described above, yet without spin-orbit coupling included.
To ensure numerical accuracy of the Brillouin zone integrals in the calculation of den-
sities of states (DOS)), joint-DOS and optical conductivities, an interpolation scheme based
on the maximally localized Wannier functions (MLWF) [163] was used. For this purpose,
we used the Wannier90 code [164] to construct an extended tight-binding Hamiltonian for
ZrSiSe in the MLWF basis, which included 3s (4s) and 3p (4p) states for Si (Se) as well as
4s and 4d states for Zr. Both GW and DFT-GGA calculations were used as a starting point
for the interpolation. DOS was calculated using the Wannier-interpolated band energies
²nk as N (²) =
∑
nk δ(²nk − ²), where δ-function is approximated by a Gaussian. To calcu-














²mk −²nk −ħk+ iη
(S4)
where vnmα = 〈ψnk |vα |ψmk〉 is the α-component of the velocity matrix element calcu-
lated using the Wannier-interpolated Bloch states ψnk and ψmk corresponding to the en-
ergies ²nk and ²mk , f = f (µ,T ) is the Fermi-Dirac distribution function, and η is a smear-
ing parameter playing the role of a damping term. The intraband contribution to the op-




αα is parametrized using the Drude model. The



















respectively. Here, γ is a phenomenological damping term, and ωp,α is the α-component
of the (unscreened) plasma frequency given by:











The calculated SWDFT for ZrSiSe and ZrSiS as a function of the Fermi energy (EF) are
shown in Figure 4.8, left panel. The experimental SWexp for ZrSiS is taken from Schilling et
al [12] and the ratio SWexp/SWDFT is therefore around 0.96. In the right panel of Figure S4
we also compared the temperature dependence of SWexp/SWDFT for ZrSiSe. The overall
SWexp is relatively temperature independent, consistent with the fact that the measured
screened plasma frequencyω∗p does not change with temperature (inset of Figure 4.5 right
panel). In comparison with ZrSiS, the spectra weight reduction compared to DFT is evi-
dent at all temperatures studied.












































Figure 4.8: (Left) Theoretical spectral weight (SWDFT) calculated using DFT (with SOC) as
a function of Fermi energy (EF) for ZrSiSe and ZrSiS. (Right) Temperature dependence of
the SWexp/SWDFT for ZrSiSe. Blue data points include the Drude contributions only. Green
data points also include SW contributions from sub-gap absorptions. The result for ZrSiS
is also plotted as green shaded regions for comparison.
GW calculation of the band structure of ZrSiSe at kz=0 is shown in Figure 4.9, panel
a. The GW result shows overall “flattening” of nodal-line dispersion compared to the DFT
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calculation (Figure 1b in main text) in the direction along the nodal-line (panel b). Such
changes in nodalline dispersion give rise to large changes in the optical conductivity com-
pared to DFT (panel c). Most notably the GW results predict much higher conductivity
than DFT in 0.35 eV− 0.6 eV (blue shaded region), qualitatively consistent with the exper-











Figure 4.9: a, GW calculations of the band structure of ZrSiSe at kz=0. b, Comparison of the
band structure calculations of GW and DFT. c, Ab-initio calculations of interband optical
conductivities using GW and DFT.
Coulomb renormalizations of the Fermi velocity and Drude weight in Dirac systems
Interaction effects renormalize quasiparticle velocities in many systems; however, the ef-
fect on Drude weights and other optical properties is more subtle. Galilean invariance
(either actual, as in the case of the homogeneous electron gas, or emergent at low ener-
gies) implies that optical weights are unaffected by interactions. This situation apparently
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obtains in graphene, where numerous experimental results have established an enhance-
ment of the Fermi velocity in graphene as the Dirac point is approached [8, 145, 148] but
the Drude weight remains unchanged across a large tuning range of Fermi level [8]. The
enhancement of the Fermi velocity and the lack of enhancement of the Drude weight were
predicted theoretically [5]; the underlying reason for the lack of Drude renormalization is
the effective Galilean invariance of the low energy theory. For these reasons, the ratio of
SWexp/SWband is determined to be 1 for graphene in Fig. 4 of the main text.
Landau level spectra of the nodal lines
An effective Hamiltonian for the band close to the cross of the horizontal and vertical
nodal lines at kx = kz = 0 is:
H =H0τx +∆τz +²(k), (S8)
with H0 = ²x sin(kx)sin(kz)σz + vykyσy . Note that the momentums kx(kz) are measured
using their characteristic values k0x(k0z). The energy dispersion is:
E =±
√
²2x sin2(kx)sin2(kz)+ v2yk2y +∆2+²(k) (S9)
To study the Landau levels, we make a rough approximation to the momentum depen-
dent energy shift:








The energy dispersion at kz= 0 is shown in left panel of Figure 4.10. If there is magnetic
field applied along z, the cyclotron orbits, as constant energy lines in momentum space
with fixed kz , are either open orbits or closed orbits that can tunnel into the open ones
with finite probability. This implicates that the Landau levels form continuous spectrum
at zero kz .
In the Landau gauge A=(yB,0,0), the Hamiltonian becomes:







For kz=0, this is equivalent to that of a 1D Dirac particle with mass ∆moving in a Har-
monic potential.
Figure 4.10: The low energy band dispersion of the at kz= 0 and finite kz . Equal energy
contours are also cyclotron orbits in momentum space. For notational simplicity, kx , ky
are rotated by 45 degrees relative to Fig. 1 in the main text.
Now let’s consider the Landau levels at larger kz The cyclotron orbits are closed as
shown in the right panel of Figure 4.10. For simplicity, we neglect the parabolic energy shift







































If the vertical lines are tilted in momentum space with angleφ, the magnetic fieldB should
be replaced by B · cos(φ)
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Comparison of ZrSiSe and ZrSiS magneto-optical response
Following the arguments developed in Sec. III, the will be no discrete Landau-level tran-
sitions for ZrSiSe at kz=0 plane. However, at finite kz the nodal-lines become gapped
except at discrete points. The band structure therefore resembles that of 8 anisotropic
Dirac points (4 on the corner of the original “nodal-square" and 4 on the mid-point of the
nodal-lines). The resulting band structure is shown as Figure 2b in the main text and re-
produced below as Figure 4.11a for kz=0.5 (pi/c). Although at the corner the band filling
is relatively high to prevent low index Landau level transitions, the Fermi energy for “mid-
point" Dirac cone (green circle in Figure 4.11a) is almost inside the gap. The low Fermi
energy is beneficial for the lowest order Landau level transitions [142] and contribute to
the LL0→1 transitions described in the main text.
By the same argument, there will be no magneto-optical response for ZrSiS from the
same kz=0.5 (pi/c) plane as the band fillings are quite high for all Dirac cones (red cir-
cle in Figure 4.11d). Indeed, at moderate magnetic field (B = 4 T and 8 T), the magneto-
reflectance (R (B)) shows negligible changes compared to R (0 T), in stark contrast to Zr-
SiSe (Figure 4.11b).
Due to the 3D nature of ZrSiSe, the magneto-optical response should in-general be
summed over all kz in the Brillouin zone. Interestingly, the magneto-optical response will
still be dominated by contributions from kz near 0.5 (pi/c) plane as shown in the Fermi
surface calculation plot (Figure 4.11c). In Figure 4.11c, the specific Fermi surface structure
ensures that the conditions favorable for the fundamental Landau level transition only
happens near kz=0.5 (pi/c) (green circle) where the electron and hole type Fermi surface
are both very small.
In comparison, we also included the Fermi surface of ZrSiS (adapted from Pezzi et al










Figure 4.11: Comparison of the band structure (E vs kx , ky ) at kz=0.5(pi/c) and correspond-
ing magneto-optical response R(B)/R(0 T) and the Fermi surface for ZrSiSe (panels a, b, c)
and ZrSiS (panels d, e, f). Due to relatively high band-filling, there is no magneto-optical
response near the SOC gap (∼20 meV) for ZrSiS, in contrast to ZrSiSe. Panel f is adapted
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Figure 4.12: Extract the Fermi velocity of ZrSiSe near the green circle region in Fig. 4.11a.
The in-plane Fermi velocity is highly anisotropic, with vΓM =4.66eVÅ perpendicular to the
nodal-line (a) and v∥ =1.15eVÅ parallel to the nodal line (b). The average in-plane Fermi
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